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PREFACE 

TO THE ENGLISH EDITION 

In this translation from the German Edition I have revised several 
chapters so as to incorporate the results of recent researches. More 
particularly the account of the deviations from the Bragg law, 
which is of fundamental importance in all X-ray measurements, has 
been rewritten in the light of the beautiful experiments of Bergen- 
Davis and his collaborators. While revising this chapter I was 
fortunate in being able to discuss the problem with Mr. Ivar Waller, 
an expert in X-ray theory, to whom I am indebted for many valuable 
suggestions. ^ 

A few words may be said about the wave-length tables and the 
accuracy of the wave-length measurements attainable with modem 
X-ray spectrographs. A comparison with ordinary optical spectro¬ 
scopy is of interest. In his Treatise on the Analysis of Spectra 
W. M. Hicks gives the following table to show the increasing accuracy 
attained in the measurement of optical wave-lengths (D line of 
sodium) with the help of grating spectrographs : 




A.U. 

A 

Frauenhofer 

(1821-23) - 

- 5887-7 

9-2 

Angstrom 

(1864-69) - 

- 5895-13 

0-8 

Rowland-Bell (1893) 

- 5896-129 

0-2 


The values A show the deviation from the wave-length 5895*932, 
which Michelson found by the interference method, and which may 
be considered as the true value, at least to the second decimal place. 

Taking now some X-ray measurements, we get for the Cu-X-ax- 
line (in X.U.) the following table : 


Moseley (1913) 

X.U. 

- 1549 

A 

12 

Siegbahn-StenstrOm (1916) 

- 1539 

2 

Siegbahn (1918) - 

- 1537-36 

0-10 

Siegbahn (1922) 

- 1537-30 

0-04 

Siegbahn (1924) 

- 1537-26 

— 


The last three values are obtained with the author’s precision- 
spectrographs. The figures under A give the differences from the 
latest and best established wave-length. 
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Of the accuracy that has been attained in ordinary optics, Hicks, 
in the above-mentioned treatise, says : “ It may be taken in general 
that with good lines and spectroscopic apparatus of fair resolving 
power, an accuracy of from 0 03 to 0*05 A.U. is attainable, but it is 
easy to over-rate the accuracy obtained.” I think the same might 
be said to-day of X-ray spectroscopic measurements, if “X.U. ” is 
substituted for “ A.U.” But it must be emphasized that very few 
of the actual wave-lengths given in this book are measured with the 
latest high-precision instruments and methods now available. In 
the author's laboratory redeterminations have been begun, but 
rather a long time will be required for their completion. 

In the chapters taken from the former edition without revision, 
I may mention the concluding section of the book dealing with the 
interesting researches of Millikan and his collaborators in the extreme 
ultra-violet. In this region the authors mentioned have lately been 
very successful, and have published a series of papers of the utmost 
interest. If I have not included an account of the main results of 
their researches it is for the reason given in the last sentence of that 
section. 

The remarkable discovery by Compton of the displacement of 
wave-lengths on scattering has been omitted here in order to 
keep the subject-matter within the limits originally prescribed. 
This effect has no influence on the ordinary reflection from crystals, 
which has hitherto been the only method of studying X-ray spectra. 

It is more difficult to decide whether the interesting experiments 
of Duane fall within the scope of this book. After some hesitation 
I have decided to await further developments in a field to which 
Duane and his collaborators are devoting themselves with such 
success. 

Tables 37 and 38 on the energy levels have been corrected with 
the help of new measurements kindly put at my disposal by Mr. 
Nishina. To the Appendix some tables have been added, which 
I think will be useful for practical work in X-ray spectroscopy. 
One of these contains (with few exceptions) all known wave-lengths 
arranged in order of magnitude. With the help of this table lines 
found on the spectral plates can easily be identified. It must be 
remembered that in some instances lines in higher orders are mixed 
with the lines of the first order, and that it is necessary to divide the 
value found by 2, 3, 4 ... for the purpose of identification. The 
shortest possible wave-length can be found from Table II., if the 
maximum potential on the tube is known. I am indebted to Messrs* 
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Fagerberg and Thorseus for these two tables, of which the former is 
an extension of one published by me in 1916. 

The table of the approximate absorption in substances of special 
interest for spectroscopic work has also been revised, and some new 
values in the region of longer wave-lengths have been added. These 
have been kindly supplied by Mr. Jonsson from an unpublished 
paper by him. 

The bibliography has been completed to date, and in this part of 
the work I am indebted to Mr. Tandberg for valuable assistance. 

My deep gratitude is due to Mr. Lindsay, of Ann Arbor, Mich., 
who has taken the greatest pains with the translation, and has drawn 
my attention to some inadequacies and misprints in the former 
edition. 

MANNE SIEGBAHN. 


Upsala, Physical Laboratory, 
March 1925. 




PREFACE 

TO THE GERMAN EDITION 

Thebe is no lack of good monographs on X-rays. I may refer especially 
to the well known and excellent treatment by Pohl, as well as to the 
textbooks of Kaye and of Bragg. Recently the works of Dauvillier and 
Ledoux-Lebard, of de Broglie, and of Cerrnak have appeared, all dealing 
with the latest developments in this new province of physics. A masterly 
exposition of a particular branch of the subject, which has initiated a 
new era in crystallography, has just been published by P. P. Ewald. 

The present monograph concerns itself with another phase of the 
physics of X-rays, which during the last few years has yielded so many 
valuable results. It is the purpose of the author to set forth the spectro¬ 
scopy of X-rays, from the purely technical rudiments to the most impor¬ 
tant results, with special reference to atomic physics. In the first- 
mentioned part of the work—the description of the technique and 
experimental methods and of the apparatus—I have sought to give 
sufficient detail to enable any experimenter who wishes to turn his 
attention to this division of the subject to make immediate headway. 
I hope also, by the directions given, to serve those who, for other purposes, 
employ the methods of rontgenography. That the description of the 
methods and instruments which have been developed and tested in the 
author’s laboratory has been accorded a relatively large space should 
give rise to no misconception. 

In the second part of the subject, namely, the significance for atomic 
physics of the results of X-ray research, I have discussed mainly the 
direct conclusions drawn from the empirical material, and have not 
entered into a deeper consideration of the more theoretical side of the 
problem. In the celebrated book of Sommerfeld, Atomic Structure and 
Spectral Lines , the reader will find a treatment of the theoretical side, as 
well as a consideration of the latest results of experimental investigation. 

The question of limiting the material presents certain difficulties. 
Thus, after much hesitation, I have refrained from discussing absorption 
phenomena in their relation to wavelength, even though in many respects 
they are very closely bound up with the question in hand. Similarly 
I have omitted the subject of the scattering of X-rays. The surprising 
discovery by Duane of abnormal reflection of X-rays became known to 
me only after finishing the manuscript, and could not therefore be taken 

ix 
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into account. In general I have taken note of the literature, as far as it 
has been available to me, up to the beginning of this year. 

In the preparation of the illustrations, some of the tables, and also of 
the bibliography, I have been aided by Messrs. Nils Stensson, John 
Tandberg, and Robert Thoraeus. It is my privilege to tender my heartiest 
thanks to these, my co-workers. 

But I am under yet greater obligation to the publishers, who have 
spared no pains to make the best possible reproduction of the numerous 
illustrations, and in other respects to give the book typographic excellence. 

Ups ala, September 1923. 
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BRIEF SUMMARY OF OUR KNOWLEDGE OF X-RAYS UP TO 
LAUE’K DISCOVERY 


1. Introduction 

In his first publications on the discovery of the rays which have been 
named after him Rontgen gave an account of their most important 
properties, and directed further investigation into the proper channels. 
Thus he already knew the three very important properties of X-rays ; 
namely, their action on the photographic plate, their power of exciting 
fluorescence in certain suitable substances, and their ability to render 
•conducting the air through which they pass. 

Rontgen found, further, that different bodies transmit the radiation 
in very different degrees, and he was able to give rough quantitative 
relations. He also recognised that the penetrating power of the X-rays 
depends much on the pressure of the air in the tube, and he introduced 
the terms 44 hard ” and “ soft " tubes and rays—terms which are still in 
use to-day. 

it w r as also well established from the beginning that the cathode rays, 
on being stopped suddenly at the glass wall of the tube, or at the 44 anti- 
oathode,” gave rise to X-rays. Rontgen also showed that these new 
rays suffered no deviation in a strong magnetic field. But it was reserved 
until much later to demonstrate interference phenomena with these rays, 
and thereby to establish their wave nature. Rontgen endeavoured to 
show this, but without result. • 

2. Characterization of X-rays by their Penetrating Power 

Following Rontgen’s original work, investigation turned to a surpris¬ 
ing property of X-rays which gave them a place apart from all previously 
known types of radiation, namely, their strong power of penetration 
through various substances. Since this property depends not only 
on the kind of substance, but also, as just indicated, on the kind of 
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radiation, there is here the possibility of characterizing the radiation by 
determining its penetrating power in a given substance. 

Further investigation shoved that a homogeneous ” radiation is 
absorbed according to the law. 

/ - /or-*, 

where / 0 represents the observed intensity at incidence, and I the 
intensity after passing through a thickness d of a given substance, fi is 
a constant which depends on the absorbing material and on the kind of 
radiation, but is independent of / 0 and d. The determination of the 
constant jjl may thus serve, either to trace the variation of the penetrating 
power of a given homogeneous radiation in different substances, or, by 
the use of one and the same absorbing substance, to characterize dif¬ 
ferent kinds of rays. Even before the discovery of Laue, various 
investigators had worked on the solution of this question, and had thereby 
attained a relatively deep insight into the physics of X-rays. 

The validity of the absorption law introduced above is limited to 
homogeneous X-rays. If one attempts, without further precautionary 
measures, to apply this equation to the radiation which is sent out from 
an ordinary X-ray tube and absorbed in a given substance, it is at once 
found that no constant value of (i is obtained. With increasing thick¬ 
ness of the absorber n continually decreases, approaching asymptotically 
a limiting value. This proves to us that the radiation emitted from a 
tube is primarily heterogeneous," and only after filtering ” through a 
sufficiently thick screen is the remaining radiation approximately 
homogeneous. 

The method of filtering is often used for obtaining homogeneous 
radiation, especially in medical work, where, of course, there is no need 
for a high degree of homogeneity. The method was also previously 
made use of as a necessary expedient in physical measurements, since 
other means were not then available. It must be remembered, however, 
that the homogeneous radiation so obtained is really a mixture of rays 
of high, but different, penetrating powers, and their hardness continually 
changes, though it may be only in slight degree, with increasing depth 
of penetration. 


3. Secondary Rays and Characteristic Radiation of the Elements 

For a deeper view into the process of absorption we are indebted to 
Barkla and his co-workers. Without going particularly into the experi¬ 
mental methods we will give a brief account of the chief results obtained 
in these investigations. For this purpose consider the schematic repre¬ 
sentation of Fig. 1. A beam of primary X-rays coming from the anti- 



SECONDARY RAYS 


3 


cathode of an X-ray tube falls upon a plate of some chosen element. A 
part of the radiation goes on through the plate, while the remaining part 
is transformed into radiation of another sort, or into heat. The rays 
going out from the plate, which have been excited by the primary 
radiation, we call collectively the secondary radiation. 

In this secondary radiation we may now distinguish four separate 
principal types : 

(a) Scattered X-radiation ; 

(b) Characteristic X-radiation ; 

(c) Scattered /3-radiation ; 

{d) Characteristic /3-radiation. 

The last two are thus a corpuscular radiation, while the first two are 
of the same kind as the incident rays, that is, X-rays. 

Attention may be called to the following characteristics of these 
various types of radiation. The scattered 
X-radiation exhibits in its general 
hardness quite the same properties as 
the incident primary beam, and is 
thus in character independent of the 
nature of the secondary radiator. On 
the other hand, the relative intensity— 
that is to say, the fraction which is 
sent out as scattered X-rays—depends 
on the secondary radiator. The scattered 
radiation goes out from the secondary 
radiator in all directions in space, but 
in general the radiation is stronger in 
the direction of the primary beam than 

in the opposite direction. ^ 

Since with an ordinary X-ray tube ^ £ \ \ 

the incident X-radiation is hetero- # ! ^ 

geneous, this is also the case with the ^ ^ ^ 

scattered radiation. 

On the contrary, the characteristic X-radiation which is emitted from 
a given secondary radiator is homogeneous, and always possesses exactly 
the same hardness, independently of the hardness of the incident radia¬ 
tion. It is characteristic of the element in question. The necessary 
condition that this radiation shall appear at all, is, however, that the 
incident radiation shall possess not less than a certain minimum hard¬ 
ness. Just as in the case of the scattered radiation, the characteristic 
radiation is sent out in all directions in space, but without any favoured 
direction. 
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An explanation of the corpuscular radiation emitted had also been 
arrived at before the Laue discovery, but in important points the results 
were mutually contradictory. Not until recently have these contra¬ 
dictions been reconciled. In this introductory account of the earlier 
results we need not enter into a further consideration of this question. 
It will be enough to point out that the existence of a secondary corpus¬ 
cular radiation had been demonstrated, and that certain measurements of 
the velocity of the emitted f3 particles had been carried out. 


4. K and L Radiation of the Elements. 

Barkla has made detailed measurements of the hardness of the char¬ 
acteristic secondary radiation emitted from various elements. The 
hardness was determined by the aid of aluminium foil, and was 
given numerically by the value of fi in equation (1) (generally divided 
by 2*7, the density of aluminium). Instead of expressing the absorp¬ 
tion in terms of the thickness of the lamina of aluminium as in 
equation (1), we may also refer it to the unit of mass. If we represent 
the density of the absorbing material by p, and put pd equal to m , 
where m is the mass wdiich the radiation passes through, we may 
write equation (1) in the following form : 


^ is called the mass coefficient of absorption of the given radiation 
P 

in aluminium. It characterizes the radiation. 

The investigations of Barkla and his co-workers showed that the 
elements possess in general two types of characteristic radiation which 
differ greatly in hardness. He called these the K and the L radiation, 
the K being the harder. 

A table summarizing the values of the coefficients of absorption of 
the K and L series for the elements, according to the measurements of 
Barkla, is given below. The second column contains the atomic number 
of the elements listed. The fourth and the sixth contain the so-called 
half-value thickness for the radiation in aluminium. By this we under¬ 
stand the thickness of a sheet of aluminium such that the intensity of 
the radiation is reduced, in passing through it, to half its incident value. 
This number is computed from the absorption coefficient by the formula 
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TABLE 1 


Element. 

Atomic 

Number. 

K Radiation 

I L Radiation 

£ in A1 

p 

*4 

£ in A1 

p 

d } 

Ca 

20 

435 

0*00059 


_ 

O 

24 

136 

0-0019 

_ 

_ 

Mn 

25 

100 

0*0026 

_ 

_ 

Fe 

26 

88*5 

0*0029 

_ 

_ 

Co 

27 

71-6 

0*0036 

_ 

— 

Ni 

28 

59*1 

0*0043 

__ 

_ 

Cu 

29 

47-7 

0*0054 

_ 

— 

Zn 

30 

39-4 

0*0065 

_ 

— 

As 

33 

22-5 

0*0114 

_ 

— 

So 

34 

18*5 

0*0139 

_ 

_ 

Br 

35 

16*3 

0-0157 


— 

Rb 

1 37 

10*9 

0*0235 

_ 

— 

Sr 

1 38 

9*4 

0*027 

_ 

— 

Mo 

42 

i 4*8 

0*053 

. . _ 

_ 

Ag 

47 

2*5 

0*103 

700 

0*00037 

Sn 

50 

1*57 

0*164 

— 

— 

Sb 

51 

1-21 

0*213 

435 

0*00059 

I 

53 

0*92 

0*28 

300 

0*00086 

Ba 

56 

0*8 

0*32 

224 

0*00115 

Ce 

58 

0*6 

0*43 

_ - 

— 

W 

74 

— 

- 

30*0 

0*0086 

Pt 

78 

— 

-- 

22*2 

0*0116 

Au 

79 

— - 

— 

21*6 

0*0119 

Pb 

82 

— 

— 

17*4 

0*0148 

Bi 

83 

— 

— 

16*1 

0*016 

Th 

90 

— 

— 

8*0 

0*032 

u 1 

92 

1 

— 

7*5 

0*034 


From this table it may be seen that the hardness of the two series 
increases throughout with increasing atomic number of the elements. 
It is very important to note here that this law holds only under the 
assumption that the substance used for the determination of hardness 
possesses no characteristic radiation of its own in the region investigated. 
Aluminium fulfils this condition. Any element of lower atomic weight 
would do equally well. 

In the Appendix there is a summary of absorption coefficients and 
half-value thicknesses for a series of substances, which is especially 
important for practical X-ray spectroscopy. The numbers there given 
are based on more recent measurements with monochromatic X-rays by 
Richtmyer, Hewlett, Hull and Rice, Owen, Dauvillier, and also—in the 
region of the longest waves—on unpublished measurements of Edv. 
Jonsson. 
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5. Absorption and Emission of Characteristic Radiation 


For systematic investigation of the emissive and absorptive pro¬ 
perties of the elements, a very convenient method has been attained 
through the use of the characteristic radiation of the elements, which 
(as may be seen from Table 1) give a number of well-defined rays with 
different degrees of hardness. 

We will first consider more closely the results obtained from a study 
of the absorption in a given material such as iron. As incident radiation 

we use the characteristic 
emission from some second¬ 
ary radiator. Its hardness 
is determined with alumi¬ 
nium as an absorbing sub¬ 
stance (see Table 1). For 
the investigation of the ab¬ 
sorption in iron we employ 
a series of secondary radia¬ 
tors, arranged in order of 
increasing hardness, i.e. in 
order of increasing atomic 
weight. If we then represent graphically the absorption coefficient in 



Absorption coefficient of the incident radiation {in A!) 


Fig. 2. Relation of the absorption to the hardness 
of the radiation. 


iron as a function of ^ in Al, we have the typical curve shown in Fig. 2. 

The softest radiation thus corresponds to the point with the greatest 
abscissa. With increasing hardness the value of the absorption in 

iron diminishes. At a certain hardness, however, about 70^, the 


quantity of radiation absorbed by iron suddenly increases, and then 
with further increasing hardness it again steadily decreases. 

The characteristic radiation of iron and the /?-ray emission both 
follow a corresponding course. The intensity of characteristic radiation 
excited by irradiation with rays softer than that corresponding to an 


absorption coefficient - of about 70, is vanishingly small, as seen from 

Fig. 3. But as soon as the hardness exceeds this critical value, a 
strong homogeneous characteristic radiation sets in. This is the charac¬ 
teristic K radiation of the iron. The hardness of this radiation is to 


be seen from Table 1. It corresponds to a value of - = 88*5. 

As may be seen from the curves of Fig. 3, the j8-ray emission behaves 
in much the same way. Thus the three curves, which represent in 
the one figure the quantity of absorbed radiation, in the other the 
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quantities of the characteristic radiation and of the corpuscular radia¬ 
tion, are quite analogous. The discontinuity lies at the same place— 

where ? is about 70—while the characteristic radiation of iron corre- 
P 

sponds to about 88. We may draw from this the conclusion that the 
characteristic radiation is excited only by those rays whose hardness 
exceeds that of the characteristic 
radiation. The emission of charac¬ 
teristic radiation is accompanied by 
an augmented absorption. 

This augmented absorption is 
often called selective absorption, an 
expression which is used in ordinary 
optics. This appellation is not really 
suitable, however, and has often 
given rise to an erroneous conception 
of this phenomenon. The ordinary 
selective absorption is limited in 
wave-length to a small region, the 
absorption having on each side of 
the region a much smaller value. 

But in this case there appears at a 
certain point a strong increase in 
the absorption which is closely con¬ 
nected with the setting in of the characteristic radiation. The excitation 
of the characteristic radiation is not, however, restricted on both sides 
to a certain region, but is dependent only on the one condition, that the 
exciting radiation must be harder than the characteristic radiation itself. 
It is thus more fitting to speak of an absorption limit than of a selective 
absorption. This does not mean that a selective absorption may not 
also exist within the X-ray region, for it actually has been demonstrated. 
We shall return to this question later. 

6. Polarization of X-rays 

We shall now very briefly call attention to a few investigations having 
to do with polarization phenomena in Rontgen rays. For this purpose 
it is necessary to consider a little more closely the mechanism of excitation 
of X-rays in a tube, or in a secondary radiator. Let K (Fig. 4) be the 
cathode of an ordinary X-ray tube, and A the anode on which the cathode 
rays impinge ; then the sudden stopping of the cathode rays as they fall 
upon the anode gives rise to X-radiation. According to classical 
mechanics we think of it as an impulse radiation which owes its origin 



Fig. 3. Secondary radiation (xxx charac¬ 
teristic radiation ; ooo corpuscular radiation) as 
a function of the hardness of the incident 
radiation. 
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to the sudden change of velocity of the electrons. The electric vector of 
the emitted impulse radiation lies then in the plane of the figure and 
perpendicular to the ray. In the secondary radiator, therefore, the 
electrons will be set into rapid motion, also in the plane of the figure by 
the force due to the electric field of the impulse radiation. This motion 
of the electrons leads again to the emission of secondary radiation which 
is of the same nature as the X-rays. If we consider the intensity of the 
secondary radiation in a plane perpendicular to the primary radiation, 
we may thus expect that it will show a maximum in the direction per - 
pendicular to the plane of the paper, and a minimum in the plane of the 
>T 


Electrometer 

Fig. 4. Fig. 5. Diagram of Bassler’s arrangement for 

demonstrating the polarization of X-rays. 

paper itself. That this accords with the actual facts has been demon¬ 
strated several times. Barkla, first, was able to demonstrate some, if not 
a very striking amount, of polarization. That the polarization cannot 
be complete is at once plain from the fact that the electrons, on striking 
the anticathode, are not brought to rest at the first collision, but are in 
general hurled off in another direction by the atoms they strike, and at 
the same time suffer a loss in speed. Only with the hardest rays, which 
correspond to a complete stoppage of the electrons at the first collision, 
could a total polarization be expected. 

For very detailed researches on this question we are indebted to 
Bassler, who studied the intensity distribution of the secondary radiation 
sent out from a sphere of paraffin. The plan of his arrangement may be 
gathered from Fig. 5. The intensity of the secondary radiation was 
observed in the plane AB perpendicular to the incident primary radiation. 
The distribution of intensity in this plane could be determined with the 
aid of two ionization chambers turned at an angle of 00° from each other. 
(For example, if one chamber stood at 2?, the other was at right angles to 
the plane of the figure.) Each chamber consisted of a wire gauze placed 
opposite to a plate. The two gauzes were charged oppositely, the one 
to +100 volts, the other to -100 volts, while the two plates were con- 
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nected together and to an electroscope. With equal intensity of radiation' 
in the two chambers the two ionization currents were compensatory. 
A deflection of the electroscope indicated a difference of intensity of the 
radiation. If, being careful to keep the position of the two chambers 
unchanged with respect to each other, we then rotate them about the 
primary beam (or, what amounts to the same thing, rotate the X-ray 
tube about this beam as axis), we perceive the intensity distribution 
as determined by the polarization. A graph of the variation of the* 
intensity is given in Fig. 6. As may be therein seen, the secondary 

no 

100 

90 

80 

Fig. 0. Intensity distribution of secondary radiation in different directions at right angles 

to the primary beam. 

radiation sent out has marked maxima in directions at right angles to- 
the plane of the cathode rays and the primary X-rays, and this is entirely 
in accord with the ideas stated above concerning the excitation of the 
radiation. Vegard, Ham, and others, have also obtained similar results. 

Barkla also investigated characteristic radiation for polarization, and 
found that the intensity showed no such variation with direction. 



7. Distribution and Total Intensity of the Scattered Secondary Radiation. 


As has just been stated, the intensity distribution of the secondary 
radiation in a plane perpendicular to the primary beam may be qualita¬ 
tively explained on the old ideas of the electron theory. The question 
then arises as to whether the distribution of intensity in a plane containing 
the primary beam can be explained 

on the basis of the same ideas. / ^ £ 

3 he theory of this phenomenon was / / 

first developed by J. J. Thomson 0 ^ y 

on the basis of classical electro- f r P 

dynamics, supported also here by / 
the important early experimental no. 7 . 

researches of Barkla. 

According to Thomson, one may explain the scattering of the primary 
Rontgen radiation in the following manner. The incident impulse 
radiation imparts to an electron in a secondary radiator 0 (Fig. 7) a 
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Ur TO LATJE'S DISCOVERY 


certain acceleration 


dv 

W 


At a point P at a distance r this acceleration 


causes an electromagnetic disturbance, whose magnetic intensity vector 11 
lies perpendicular to OP and to the direction of motion of the electron. 

Its magnitude is Z/ = ^ ^ sin </>, where e is the charge of the electron in 

E.M.U., c the velocity of light, and </> the angle between OP and the 


direction of motion of the electron. 

The electric intensity E , at this point, is perpendicular to H and to 
OP , and is given by 

~ e dv . 

E = j. sm </>. 
r di 


From Poynting's theorem the energy flux at this point proves to be 


E.IJ^j* /rfrV 
in 47 t r 2 c\dt) 


si n 2 </>. 


(3) 


With complete polarization of the incident radiation, therefore, the 
combined action of a great number of electrons, all suffering parallel 
accelerations, would result in an intensity distribution as in Fig. 8. By 
finding the mean value one then obtains the distribution for the case in 
which all directions of polarization occur in the incident beam. Thomson 
has shown that in this case a distribution is obtained according to the 
formula 

/«==/»( 1 +cos 2 0). (4) 

0 denotes here the angle between the incident beam and the direction of 
the secondary rays. This intensity distribution is represented graphi¬ 
cally in Fig. 9. The experimental researches of Barkla and Ayres verify 



Fig. 8. Intensity distribution of secondary radia¬ 
tion with complete polarization of the primary 
radiation. 



Fig. 9. Intensity distribution of the 
secondary radiation excited by unpolarized 
primary radiation. 


this intensity distribution of scattered secondary radiation for moderately 
hard rays. In other cases, however, various investigators have shown a 
not insignificant departure from it. Experiments altogether show that 
in the direction of propagation of the primary rays the scattered radia¬ 
tion is appreciably stronger than in the opposite direction. 


INTENSITY DISTRIBUTION OF SECONDARY RADIATION 


11 


In the consideration of secondary radiation, if we direct our attention 
only to the intensity distribution, we see immediately that the results 
obtained by the classical electromagnetic theory are to a certain extent 
in accord with experience. This leads us to assume that to the same 
degree we may also expect an agreement between the calculated total 
secondary radiation and that experimentally determined. This is 
fundamentally very important, because thereupon we can base a method 
for finding the number of electrons in the atom. 

In order to find the total scattered energy we must integrate the 
expression (3) over the entire sphere, whereby we obtain 


2 e 2 idv \ 2 


(o) 


The acceleration is determined from the equation 

m ( j’=eE e , (6) 

where m denotes the mass of the electron, and E ( > the electric intensity 
vector of the primary radiation. Hence the energy IF radiated per 
electron in the time dt is 

TF =“ %-E*dt. (7) 

3 m 2 c 


If all the electrons scatter radiation quite independently of each other, 
and if in unit volume there are N atoms, each with Z electrons, then the 
energy W a scattered by these NZ electrons in the time dt becomes 


W «=lSc NZE * dL 


( 8 ) 


The incident energy IV/ in the same time dt is 


w r . 


4jtc 


E,? dt. 


(9) 


The ratio of these two quantities of energy is thus 


W a 

Wi 


3 m- 


( 10 ) 


In order to have a measurable quantity a coefficient of scattering s 
has been defined in analogy to the absorption coefficient. It is the part 
of the incident energy which is scattered per unit length of path along 
the beam according to the equation 


dW 

dx 


-sW, 


( 11 ) 


where W is the incident energy and dW the energy scattered in the 
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distance dx . If we integrate this equation, we obtain the following 
equation, which is analogous to (1): 

W<, = W e e-«*. ( 12 ) 

Here W e indicates the incident radiation, Wa the intensity of radiation 
at the depth d. Ordinarily one refers the scattering to the unit of mass 
instead of to the unit of distance : 

w,, = ( 13 ) 

~ is thus the scattering per unit mass and tn the mass producing 
the scattering. 

Barkla and Sadler have found experimentally that within certain 
limits of hardness the scattering has the value 



independently of the hardness and of the scattering material. Since 
equation (10) is just what we have denoted by s , and since p may be 
NM 

replaced by —j- (M being the atomic weight of the scattering substance, 

Jj 

and L the Loschmidt number per mol), we therefore obtain 


W a 1 _ 8r e 4 Z s 
Wi p 3 m 2 M p 


(14) 


By the insertion of the known values of e, m and L, this reduces to 


0-4( I5 ) 

If we now substitute the value found experimentally we 

arrive at the important result: P 

Z 1 
M~2' 


i.e. the number of electrons 'per atom is about half the atomic weight . 

Strictly, this result, like that previously obtained from a considera¬ 
tion of the distribution of the scattered energy, has only a limited validity. 
Here, again, we have assumed that the laws of classical electromagnetics 
hold, an assumption which other experiments tell us is not permissible 
with the frequencies here involved, at least if we wish more than a 
qualitative agreement, and sometimes not even this is attained. We 
must, therefore, be careful in making use of this result, and not over¬ 
estimate its conclusiveness. 



II 


INTERFERENCE OF X-RAYS 

8. Laue’s Discovery and the Experiments of Friedrich and Snipping 

The above explanations of the scattered radiation, as well as the relations 
discussed under polarization, are based on the assumption that the 
Rontgen radiation is electromagnetic in nature. Especially polariza¬ 
tion, which was demonstrated with certainty experimentally, seemed to 
be a sound proof of the wave nature of the radiation. Contrary to the 
supposition of Rontgen, we certainly are confronted, not with longi¬ 
tudinal, but with transverse ether vibrations. If this assumption were 
true we should be led to expect that other physical phenomena, which 
are characteristic of electromagnetic waves, would also be capable of 
demonstration with X-rays. At different times attempts have been 
made to observe such effects as refraction, reflection and interference, 
but only in a single case with a positive result. This was an inter¬ 
ference phenomenon in which a thin bundle of X-rays was sent 
through a narrow slit. The work was carried out in 1902 by Haga and 
Wind with great skill arid considerable care ; seven years later it was 
repeated by Walter and Pohl, but, on account of the extraordinary 
smallness of the effects found, these experiments were not especially 
convincing. 

Then, in the year 1912, the happy idea came to Laue to use the crystal 
edifice as a grating for the X-rays, since the atomic distances in crystals 
are of the right order of magnitude. In the years preceding, the quantum 
theory of radiation had succeeded in determining at least the order of 
magnitude of the wave-length of X-rays, and it had turned out to be 
about 10~ 9 cm., while the atomic distances are of the order of 10~" 8 cm. 
Hence, according to Laue, one might foresee that the very orderly 
arranged space lattice of a crystal would give rise to interference pheno¬ 
mena with X-rays. The experiments in this line undertaken by Friedrich 
and Knipping afforded a beautiful confirmation of the truth of Laue’s 
conception. 
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The arrangement which for the first time showed the phenomenon of 
interference of X-rays through the use of crystals is shown in Fig. 10. 
By means of several windows a narrow beam is separated out from the 
entire radiation of an X-ray tube. At Kr this beam falls upon a thin 

crystal plate, whose 
thickness may be from 
a few tenths of a mm. 
up to 2 or 3 mm. The 
major part of the 
radiation traverses the 
crystal without change 
of direction, and then 
falls upon the photo¬ 
graphic plate. A part 
of the beam is of course 

FIG. 10. Diagram of the apparatus of Lain 1 , Friedrich and Knip* scattered as secondary 
ping for the demonstration of interference of X-radiation. . - 

radiation in all direc¬ 



tions. But, in addition to these portions, there occur in certain very 
definite directions comparatively strong bundles of rays, which produce 
black spots on the plate behind the crystal. Such a 44 spot diagram ” is 
shown in Fig. 11 from a beautiful photograph by Friedrich and Knipping. 
The crystal used in this was - .... 


a ZnS plate, 0-5 mm. thick. 

The theoretical calcula¬ 
tions of this interference 
phenomenon, which were 
carried through by Laue, 
predicted such a spot dia¬ 
gram. If, with Laue, we 
picture to ourselves the 
crystal as consisting of a 
number of points capable of 
vibration and arranged in 
a regular space lattice, then 
the incident X-radiation 
would set up a to-and-fro 
oscillation of the lattice 
points with the same period 
as that of the incident radia- 



Fig. 11. X-ray interference, after Laue. 


tion. Since there exists through such a set of vibrating points a definite 
progression in phase, and since they all act as secondary vibration centres, 
the radiation sent out will be reinforced in certain directions, and 
extinguished in others. It is at once evident that a symmetry in the 





INVESTIGATIONS OF INTERFERENCE PHENOMENA 15 

crystal lattice must also be manifest in the emitted radiation. The 
mathematical theory shows that the reinforcement occurs only in very 
narrow bundles of rays . The directions in which the reinforced rays appear 
are determined by the structure of the space lattice, and also by the 
wave-length of the radiation. 

9. The Investigations of W. H. and W. L. Bragg, and their Expl an ation 
of Interference Phenomena 

After Laue, Friedrich and Knipping had succeeded in demonstrating 
crystal interference with X-rays, the investigation of this phenomenon 
was taken up by Messrs. Bragg in a somewhat modified form. The Bragg 
experiments showed that a natural crystal surface, for example a cleavage 
face, can under certain conditions reflect X-rays, and indeed, in part 
according to the same laws which obtain in ordinary optical reflection. 
Thus the incident and reflected rays lie in the same plane With the normal 
through the point of reflection, and the angles formed by the normal with 
the incident ray and the reflected ray respectively are equal. 

Bragg also deduced in a simple manner the conditions for reflection 
which w r ere adapted to his experimental arrangement. He arrived thus 
at the exceedingly important and very simple formula for the reflection 
of X-rays from crystal planes : 

n\ — ’2d sin <f>, (16) 

which we call the Bragg Equation . 

A is the wave-length of the Rontgen radiation, d is the distance (see 
Fig. 12) between two planes of atoms which are parallel to the reflecting 
plane of the crystal, and <f> is the angle between the atomic plane and the 
ray. n is a small integer which determines the <k order of the spectrum. 
This equation was proved to be identical with the general interference 
formula given by Laue. We will reproduce here the simple Bragg 
derivation. 

Let the planes Y 1 Y 2 Y :l Y i (Fig. 12), which pass through the atoms of 
the crystal grating, be parallel to the external reflecting plane. Let the 
distance between two of these planes be d. We will represent by A BCD 
the incident beam, which is assumed to be monochromatic, and of wave¬ 
length A. If the rays reflected from the various planes Y are to reinforce 
each other in a certain direction T, making the same angle with the 
planes as the incident beam, it is necessary that the difference in path 
of the several rays shall be an integral multiple of the wave-length of the 
radiation in question. From the figure it may be observed that the 
difference in path between AOT and BPT, for example, is 

OP+PP v 
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-16 

But OP=9— =-J-r, 

sm </> sm <f> 

and PPi=0P.cos(18O-2<*>)= -OP. cos2</> = - de ? S -^ . 

sm </> 

We thus obtain for the difference in path OPP 1 
0PP 1 -2d si n<£. 

Reinforcement thus occurs when this difference in path is equal to a 
whole multiple n of the wave-length, and this completes the derivation 

of the Bragg equation. If 
the difference of path be 
equal to one wave-length, 
we speak of a reflection or 
of a spectrum of the first 
order." If the difference of 
^ path be two or several wave¬ 
lengths, we have correspond¬ 
ingly reflections or spectra 
of the "‘second" or of 
higher orders. 

Every system of atomic 
planes, that can be drawn 
in a given crystal, has the 
pow r er of reflecting the X- 
rays. The reflection spots 
shown in the experiment of 
Knipping and Lane were 
* caused by the inner atomic 

Fia * 12 ’ planes of the crystal acting 

as reflectors. It is important to note that each reflected ray contains 
only a single definite wave-length , together perhaps with a half, a third, 
•etc., of this value, in the case that reflections of higher order are present. 

10. The Experimental Arrangement of Bragg, and the Determination of 
the Atomic Distances in Rocksalt 

The first fundamental researches of Bragg on the structure of rock- 
salt, and the evaluation of d in equation (16), are of great importance for 
X-ray spectroscopy. The above simple derivation assumed that we are 
concerned with only a single system of equidistant atomic planes. This 
happens, however, only in exceptional cases. In general, several such 
systems of atomic planes are interspaced. Although all the parallel 
planes of a group are necessarily separated individually from each 
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other by the same distance d , yet separate groups of planes may be 
displaced with respect to each other by a certain fraction of this value. 




Since for each system we may calculate a reflected beam according to 
equation (16), we must consider the united action of all these partial 


beams in order to account for the 
observed beam. If, for example, 
half-way between the planes of one 
system there is a series of planes 
belonging to another system, then 
the two partial beams in the first 
order will evidently destroy each 
other if they are of equal intensity. 
If the partial beams are of 
different intensities only a partial 
extinction will take place. 

With a given displacement of 
the first system with respect to 
the second, and different reflecting 
powers of the two groups of 
planes, one may obtain the result¬ 
ing beam, according to Bragg, 
from a diagram like that shown 
in Fig. 13. Of course, in the 
reflection of higher orders, the 
wave-lengths reflected in the same 
direction are only half as large, or 



one-third as large, etc., while the relative displacement of the two wave 


systems (as in Fig. 13) is the same. Hence the interference of the two 
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combining systems will turn out to be quite different for the different 
orders. On the other hand, with certain assumptions, it is possible, 
from the relative intensities of different orders, to draw conclusions 
concerning the arrangement of the systems of planes. 

The research of the Braggs was built on this idea, and aimed at ascer¬ 
taining the intensity of the reflected radiation in different orders. The 
experimental arrangement may be seen in Fig. 14. Since here a mono¬ 
chromatic radiation was necessary, they used an X-ray tube with a 
rhodium anticathode. This tube gave a strong monochromatic radiation 
corresponding to the X-radiation of rhodium found by Barkla. In order 



FlQ. 13. Bragg’s Spectrometer. 


to make the best possible use of the radiation in the desired direction, 
the tube was placed with its anticathode so that the grazing rays were 
admitted through the two openings A and B. The crystal was mounted 
at C upon a revolving table provided with a divided circular scale. 
Independently of this, an arm was mounted carrying an ionization 
chamber, capable of turning about the same axis. With the help of this 
chamber the intensity of the reflected beam was measured. For this 
purpose, as required by the conditions of reflection, the chamber was- 
always turned through an angle twice as large as that of the crystal. 
The chamber contained two electrodes, one of which was charged to a 
potential of one to two hundred volts, while the other was connected to 
an electroscope. 

A photograph of the apparatus is shown in Fig. 15. 
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If we denote by k m the wave-length of the monochromatic beam 
sent out by the X-ray tube, then it is evident from equation (16) that 
only those positions </> x , </> 2 , </> 3 , ... will give rise to a reflected beam, 
which fulfil the following conditions : 

X J{h ^2d sin^j, 

= 2d sin </> 2 , 

3 A. == sin ^. 


These correspond to reflections of the same wave-length in the first, 
second, third, etc., order. Simultaneously with these positions of the 
crystal, the ionization chamber must be placed respectively at the double 
angles 2<£ x , 2<£ 2 , 2</> 3 , etc., in order that the electroscope may show any 
current. The strength of this current, assuming a constant intensity of 
the incident radiation, is a relative measure of the reflecting power of the 
crystal plane in question for the order under examination. 

In this way Bragg and others investigated rocksalt, and especially 
the faces which are the most important in crystallography. Since Bragg 
in his book X-Rays and Crystal Structure has discussed in detail this 
method of crystal study, and has given a series of especially important 
results obtained by it, we will not enter farther here into this question, 
but will only call attention to the result that the NaCl atoms in the 
rocksalt space lattice occupy alternately the comers of the elementary 
cube. 

Their distance apart d may then be calculated easily by the aid of 
the density and the value of Avogadro's constant. On the average, with 
every atom goes a volume d 3 , corresponding to a mass pd 3 , where p, the 
density, is equal to 2-17. Since, further, 1 gm. mol., that is, 

23 05 + 3545 gm. 


of rocksalt, contains N (Avogadro’s number) molecules, the average mass 
per atom is gm. Equating these two expressions, we obtain 

„ 58*50 

< d =-w - 


and hence d ^2*814.10 8 cm. 

As may be seen, the accuracy of this value depends on the density 
of the substance and also on Avogadro’s constant. Since the latter is 
known only approximately, the value of d cannot be determined as 
accurately as might be desired. Now the accuracy with which we can 
determine d is much less than that which we are to-day accustomed to 
reach in all X-ray spectroscopic measurements. (It would be necessary 
to determine d to two more decimal places in order to reach this degree 
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of accuracy,) For this reason it is necessary to agree provisionally upon 
a fundamental value for d. In the earlier work the above value was 
assumed to be correct in making calculations from measurements. 


11. The Condition of Focussing given by Bragg 


The fundamental equation for the reflection of 
surface 


n\ = 2 d sin <f>, 


X-rays at a crystal 
(16) 


shows that a monochromatic radiation is reflected only when the beam 
falls upon the crystal at a very definite angle. Therefore, if we allow the 
cone of rays issuing from the slit at P (Fig. 16) to fall upon a crystal 
surface, by the simultaneous reflection at different 
parts of the surface, it is analysed into a spectrum. 
Beginning with the smallest angle of reflection 
present, <£, which according to the above equation 
corresponds also to the shortest wave-length, we 
will have all reflection angles from <l> to 4>. 
A photographic plate, placed at B X R 2 , will receive 
a region of wave-lengths extending from the 
shortest waves at B x to B 2 . By changing the 
angle of the crystal we may in this way take the 
entire spectrum in sectional photographs. This 
method was used by Moseley in his famous spectral 
researches. 

The method has certain disadvantages, how¬ 
ever, which may easily lead to erroneous con¬ 
clusions from the photographs of spectra. One is 
upon the anticathode several strongly luminous 
points, especially when the substance under investigation is rubbed in 
powdered form on the surface of the anticathode. The white radiation 
issuing from these points will appear like spectral lines on the plate. 
The other difficulty lies in the imperfections of the crystal. A crystal 
often has portions with higher reflecting power, and these may give rise 
to false lines. 

To avoid these undesirable features a “ focussing method ” suggested 
by Bragg has been employed, and has proved very useful. Its signi¬ 
ficance for X-ray spectroscopic purposes was first clearly shown by 
de Broglie, who used it in his excellent early spectral researches. Fig. 17 
shows the principle of “focussing.” 0 represents the slit. A A is the 
crystal mounted so as to rotate about the axis C . Now if we describe a 
circle with C as centre, and passing through 0 , it is easily seen that any 
point B on the circumference is the point of intersection of all reflected 
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X-rays of a definite wave-length, independent of the angular position of 
the crystal. 

In the position AA, only those rays will be reflected to the point B 
which strike the crystal at the point C. In another angular position A 1 A l 
the rays reflected from the point P will reach B. That the reflection 
angles of the two rays indicated are the same appears at once from the 
geometry of the figure. Equality of angles, however, according to the 
law of reflection, signifies equality of wave-lengths. Thus, as the crystal 
is turned, the rays of the given wave-length, reflected from the various 
positions of the crystal, intersect in the point B, or are 44 focussed ” at B. 
It may be noted, however, that this 
44 focussing ” does not in itself result in 
any gain in intensity at that point. 

In this construction we have assumed 
that reflection takes place at the surface 
of the crystal. This reflection is really 
a space effect, in which a great number 
of atomic planes take part, but, even for 
rather hard rays, we seem to be justified 
in reckoning the depth of penetration 
of the reflected rays (in ideal crystal 
lattices) only in ten thousandths, or in 
thousandths of a millimetre. Since the 
slit width is generally of the order of 
tenths of a millimetre, the lack of sharpness due to the 44 focussing ” is 
negligible in comparison with the width of the slit or of the lines. 

However, the employment of this focussing method is limited in the 
case of the hardest rays. We shall return later to the precautionary 
measures necessary in this case. 

12. The Invalidity of the Bragg Interference Equation in Measurements 

of Greater Precision 

The relation between the wave-length and the angle of reflection in 
the various orders, which was derived by Bragg in the above elementary 
way, was tested by him, using his ionization spectrometer, and was found 
to hold wit hin the limits of accuracy attained. In particular, he was 
able to show that by reflection of a given wave-length in different orders,, 
the function A sin 4> n 

2 d~~ n 

where 4*n represents the angle of reflection in the nth order, is a constant. 

The author has endeavoured to increase as far as possible the accuracy 
of measurement in X-ray spectroscopy, and with this in view has con- 
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structed suitable types of spectrographs. After the precision of measure¬ 
ment had been raised to a considerable extent it was permissible to make 
a test to see whether or not the Bragg relation, when applied to calculate 
wave-lengths from angles measured experimentally, would still remain 
valid. The very first trials made in this direction by W. Stenstrom 
showed unequivocally, that at least with certain crystals, and especially 
for longer wave-lengths, the accepted relation could not be strictly true. 
The above function, which, when one and the same monochromatic 
radiation is used, was thought to be constant, showed a divergence from 
this simple relation ; and this divergence, although small, seemed to lie 
outside the limits of error. However, the deviations from the constant 
value found by Stenstrom were very small, and did not permit any 
certain conclusions as to the manner of variation. 

Since it has become possible recently to extend the accuracy of measure¬ 
ment still further, the author has succeeded in demonstrating the 
invalidity of the Bragg relation also in the case of shorter wave-lengths. 
With the apparatus last indicated E. Hjalmar has now investigated this 
question thoroughly, and has published a very good series of measure¬ 
ments, which suffice to make the effect quite evident. His measurements 
in spectra of very high orders were especially conducive to his great 
success. In certain cases he obtained photographs which were well 
capable of measurement even in the tenth order. 

In the following table, taken from Hjalmar's doctor's dissertation, are 

assembled the values of log 8 - 1 ^" for various orders n as they were 

obtained from the measurements. The table shows the spectral line 
used in each case. Only single lines without fine structure were used. 


TABLE 2. 


log^is 


from the spectral lines : 


Order. 

w Lfi lm 

Cu Ka h 

Fc Kpi. 

Fe Ka v 

Va Ka i. 

Sc Ka i. 

Sn Lfa. 

K JTaj. 

1 

8*9269523 

9*0065961 

9*0635972 

9*1059168 

9*2174174 

93003512 

9*3482412 

9-8917609 

2 

2986 

0186 

0590 

3109 

*2169973 

0059 

•3478718 

3780 

3 

1675 

0059561 

0629822 

2218 

8777 

2998780 

7110 

2741 

4 

1032 

9043 

9360 

1674 

7014 

8130 

i 


5 

0362 

8837 

8975 

1298 

7639 




6 

0009 

8618 


1062 


i 



7 


8400 







8 


8330 







10 

8*9259594 

; 
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In order that the regularity of the variation may better be seen, the 
values are shown graphically in Figs. 18a-18d. From these curves it 

may be concluded that the value of log decreases with increasing 

order, and appears to approach a limiting value. That the above equa¬ 
tion of Bragg cannot be quite correct from the theoretical point of view 
was first pointed out by C. G. Darwin, who gave a detailed calculation of 
the phenomenon of the reflection of X-rays. A more profound theory, 
on the same basis as that given in the treatment of the diffraction of 
X-rays by Laue, has been worked out by P. P. Ewald. In their main 
results the theories of Darwin and Ewald are identical. In both of them 
the extension of the simpler treatment is due to the necessity of taking 
the mutual action of the vibrating particles into consideration. 

If this mutual action be considered, the observable angle of reflection 
</> n in the nth order has a value slightly different from that (<f n ) given by 
the Bragg equation : 

n\ 0 ^2d sin <I> 71 , (17) 

where A 0 = wave-length in vacuum (or air). 

The theory also shows that with a crystal of sufficient thickness there 
is total reflection for a small region S<j> n on either side of the angle <f> n . 
In many cases the Bragg angle <ji n falls quite outside of this region 
</> n ± A</> n . The value 

- <f> n ( 18 ) 


is a measure of the deviation from the Bragg formula, 
results give for this deviation the formula : 


where 




o 


^ n 12 sin 2</> n * 

1_e a y, Ng 

12 'lirchil i i 2 - 


The theoretical 

(19) 

( 20 ) 


[e and m are the charge and the mass of the electron respectively 9 
Ni the number of electrons per unit volume with the natural frequency 1 
Vi, and v is the frequency 1 of the incident radiation.] 

By suitable transformation of the above equations, we obtain 

log - n — = const. + (21) 

where A = - (22) 

The negative sign is here chosen in the expression for A, because 12 

xi sin 

itself is negative. If we compare the experimental value of log — 


l 
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with the expression found for it in E wald’s theory we see that the general 
agreement is surprisingly good. This appears most readily from the 
graph of the function A/n 2 in Fig. 18d, in which the form of the curve is 
very like those of the experimental curves in Figs. 18a, 18b and 18c. 




Equation (21) is of fundamental importance. The portion of the 

right-hand side denoted by “ const.” is, indeed, nothing else than log ^’ 

and if we substitute ordinary logarithms and solve the equation for A 0 we 
obtain 

log A 0 =log 2d +log 8 -”^ - (23) 

where .4'=,4 log e. 

The simple Bragg relation gave 

log A 0 = log 2d + log — 

7b 

The slight correction term A f /n 2 becomes smaller and smaller as the 
number of the order increases, and thus for higher orders the corrected 
equation (23) goes over into the simple Bragg expression. 

If X £r is the value of the wave-length which is obtained by using the 
simple Bragg formula when the observed angle <f> n is introduced in it: 

(24a) 


ttA 5r «:2d.sin </> M , 
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the equations (17) and (19) give 


Ji + —L_l. 
L 12sin 2 */) W J 


Introducing the refractive index /*, or better still the value S, for the- 
small difference 1 -/a in the following relations: 

<*»> 



FlO. 18 C. 



FlO. 18 D. 


we obtain for the connection between the true wave-length and that 
calculated from the simple Bragg law : 

\,=\b,[i -,^4} (246) 

This shows that—if this theory is in accordance with empirical data 
—we have only to multiply the calculated wave-lengths k Br by the factor 



to get the true wave-lengths. It is not difficult to find a good approxi¬ 
mate value for this factor. In the expression for 5 in equation (206), the 
values of 17 are negligible for most of the electrons, as compared with v. 
If we neglect them, and note the density p of the crystal, we get the 
approximate expression: 

= 1-35/). 10 10 . 

A o 
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This gives the multiplying factor the following value : 

[j -Mf.io-], 

o 

where d is in a.it. 

The correction resulting from this formula is proportional to 

(1) the density of the crystal, 

(2) the square of the lattice-constant, 
and inversely proportional to 

(3) the square of the order. 

The above discussion shows that the wave-lengths \jj r , which have 
been calculated by means of the ordinary form of the Bragg law, may be 
corrected simply by multiplying every value of A Iir by the factor 

[l- M V ’O ']- 

The process of evaluating the wave-lengths from the measured angles 
may be more conveniently carried out in the following way. By multi¬ 
plying equation (24a) by the above correction factor, and substituting 
from (246) in the left-hand member, we get 

n\ 0 = 2d - 5 4 J10- 6 J sin </>„. 

Hence, by using a slightly smaller lattice-constant dV given by 

o 

instead of the true d (which represents the distance in Angstroms between 
the reflecting atomic planes), we get the true wave-lengths by a formula 
similar to the Bragg equation, 

wA 0 = 2<f sin<£ n . (24c) 

All wave-lengths given in the tables of this book have been calculated 
by means of such a formula, and if we wish to use the wave-lengths in the 
tables as true values, then we must consider the lattice-constant which 
we have employed (for calcite 3029 04) to be d\ As nearly all exact 
measurements have been taken in the first order, we have for the true 
distance d between the atomic planes parallel to the reflecting surface 

d = d'( 1 +o-4 d 2 p 10“ 6 ), 

from which d = 3029-45 X.U. 

These two values, 3029-04 and 3029-45, differ very little from each 
•other, and both are within the limits of accuracy with which the lattice* 
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constant of calcite can be calculated from other data. As shown in § 19, 
the accuracy of this value cannot be higher than about ± 2 X.U. The 
last three figures are purely a matter of agreement. 

If we take 3029*45 X.U. as the true value of the distance between the 
atomic layers of calcite, we must then use the value 3029*04 in equation 
{24c) for d f in the first order of reflection in order to calculate the true 
wave-lengths from the observed angles of reflection. 

This discussion will serve to show that the effect in question does not 
seriously affect the results of the wave-length measurements, even if the 
theory be valid. Moreover, we have not yet sufficient experimental 
evidence of the exact applicability of the theory. The above measure¬ 
ments of Hjalmar obviously show that with gypsum there is a deviation 
from the Bragg law, when this equation is used to compare different 
orders, and also that the general nature of this deviation, as seen from 
the curves 18 a, b, c, agrees with the theory. But these measurements 
are not suitable for a more detailed discussion of the exact analytical 
expression for this correction to the Bragg law. 

A remarkable advance towards the solution of this fundamental 
question has been made by Bergen Davis and his collaborators, Terrill, 
Hatley and von Nardroff. If this effect can be treated in the same way 
as ordinary optical refraction, much larger deviations should be attainable 
by grinding the reflecting plane to a suitable angle. This is the method 
w T hich Davis has used with great success. In this way he succeeded 
in increasing the observable deviation from 3" to 30" with calcite, 
and from 3"*6 to 160" with iron pyrites, using Mo A-radiation. Still 
larger deviations were obtained by Nardroff with copper radiation 
reflected from ground pyrites planes ; the deviations found were 210" 
and 218". 

The refractive index /* = 1 - may be found from observations of 
reflection angles, as indicated in what follows. If A be the wave-length 
in vacuo and </> the apparent reflection angle, whereas A' and </>' are the 
corresponding wave-length and angle respectively within the crystal, 

A cos <f> 

fi -- - 


A' cos </>' 


which gives approximately 

sin</>' 




si n<t> ft l * si n 2 <f>f 
Supposing Bragg’s law to be valid for the interior of the crystal; 

^ en > nk’ = 2d sin </>/, 

from which we derive 

»X=2rfsm^|l- gH y. 
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.iff \ 

From two reflection angles measured in different orders, n 2 and n 2> 
this gives for 8 the value : 

sin sin <£ 2 

o Wl Un 


1 


n x sin <f> x n 2 sin </> 2 

If the beam be reflected at a plane ground to an angle B with the 
atomic planes under consideration, Nardroff gives the formula : 

g _ (sin a - sin */>') (sin a - sin B) (sin a + sin B) 


sin a - sin* a 


where 2a is the angle between the incident and the reflected beam, and 
<£' is the angle for internal reflection in accordance with Bragg’s law 

-2d sin <f>\ 


As seen above, this angle is connected with the apparent angle </> for 
reflection at the (unground) atomic plane by the formula : 


sin 


sin 4 > _ 8 } 

fi ( sin 2 </>j * 


For calcite, the value of 8 found by Davis was 2 x 10~ 6 with Mo Ka , 
whereas the dispersion-formula gives 1-9 xlO” 6 . The most exact 
measurements have been carried out with iron pyrites by Nardroff, who 
obtained the following values : 



X.10 11 

i 

| S found. 

i 

Theory. 

6 

X* 

Mo Kp 

631-3 

2-87 x 10-« 

2-66 x 10-« 

77 

Mo Ka 

710-2 

3-35 

3-37 

66 

Cu Kp 

1389 

13-2 

13-6 

68 

Cu Ka 

1539 

i 

17-0 

17-7 

77 

Med77i 


From the values of 8 given by Nardroff, the function ^ bas been 

calculated and tabulated in the last column. As may be seen, the varia¬ 
tion with wave-length is small and quite irregular. It would thus appear 
from these measurements to be permissible to utilise equation (23) for 
the exact calculation of wave-lengths, from the observed angles of 
reflection. Unfortunately, there are as yet no measurements available 
on crystals ordinarily used in X-ray spectroscopy, with the exception of 
the single value for calcite for the wave-length 710 X.U. But with this 
crystal the effect is rather small. 

All the wave-lengths given in the following tables have been calculated 
with the aid of the uncorrected Btagg law. 
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Another consequence of the refraction theory is th^t Syfere shouS lie ^ 
—for sufficiently small angles—a total reflection of thetsagje kind^bs we 
observe in ordinary optics. Such total reflection shoulc^pfceur at angles 

forwhich cos <#»,*, 

or sin<£<v/2£. 


This prediction has actually been confirmed by A. H. Compton for 
glass, silver and lacquer. His values of the limiting angles cos </> 0 =/* are 
given in the following table : 



Density 

1 A.AU 1 

</>o 

& found. 

6 Theory. 

Class 

2-52 

l 

i 1*279 1 

10' 

1 4*2 x 10 • 

5*2 x 10~ 6 

Class 

2-52 

0*52 

4' 

0*9 

0*7 

Silver 

10-5 

1*279 1 

22 *5 

21*5 

19*8 

Lacquer - 

i 

1*279 

i 

ll'-0 

5*1 

i 


Analogous results have been obtained by Lundquist and the author 
for much larger wave-lengths (3 A.U.). 

In this connection it may be mentioned that the so-called “ Compton- 
effect ” does not influence the angles of reflection at crystals. This has 
been shown by Ross, who placed two spectrometers in series, but he was 
unable to detect any difference in the angles of reflection. 
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TECHNIQUE OF X-RAY SPECTROSCOPY 
13. Excitation of X-rays 

Roxtgen showed in his first work that the X-rays proceed from the 
place where the cathode rays strike the walls of the tube. It was soon 
discovered that a more powerful X-radiation could be obtained by 
introducing a metal plate (best of all a heavy metal) in the path of the 
cathode rays, so that the latter would lose their kinetic energy at impact, 
and this energy would be partially transformed into X-radiation. 
According to classical electrodynamics the sudden stoppage of a swiftly 
moving electric charge is accompanied by the emission of an electro¬ 
magnetic pulse. This impulse radiation would thus be responsible for 
the major part of the energy in the emitted X-ray radiation. In part, 
however, the incident cathode stream gives rise to an emission from the 
atoms of the bombarded plate itself. This is the characteristic radiation 
discovered by Barkla. 

The technique of the excitation of X-rays is thus faced with the 
problem of how* to cause electrical charges or electrons to fall with suffi¬ 
ciently great energy upon the substance to be investigated. In the early 
period of development investigators were restricted to the method 
discovered by Rontgen, in which the cathode rays excited X-rays at 
the anticathode placed in a suitable evacuated tube. By regulation of 
the gas content and the degree of vacuum one may vary the hardness of 
the radiation within certain limits. Experience shows that the rays 
become harder with increasing tension on the tube. After it became 
possible to measure wave-lengths this relation was formulated more 
accurately, and it was found that the fundamental photoelectric equation 
introduced by Einstein for the relation between the kinetic energy of the 
electron and the w r ave-length or the frequency of the radiation holds here 
also. This equation may be written in the form 

imv 2 = eV=hv ; (25) 

m and e here represent respectively the mass and the charge of an electron, 

v its velocity of translation, V the difference of potential through which 

30 



EXCITATION OF X-RAYS 


31 


the electron falls, h Planck’s constant, and v the frequency of the emitted, 
radiation. 

The left-hand member is the kinetic energy of the electron, and has 
been acquired by falling through the difference of potential between 
cathode and anticathode. If the electron gives up all its energy at once, 
then the emitted radiation has the frequency r. If we solve this equation 
for the frequency, or better still for the wave-length, we obtain, after 
introducing the known values of e and h, 

(26> 

A being given in Angstrom units and the tension in kilovolts. From this 
equation we may calculate the tension necessary to obtain X-radiation 
of a given wave-length. Since most of the electrons, however, lose their 
velocity in several steps, equation (26) gives only the shortest wave-length 
produced by the tension F, whilst the stoppage of the electron in several 
steps corresponds to the emission of greater wave-lengths. 

From equation (26) we may learn wfithin what limits of tension the 
X-radiation of most interest in spectroscopy will be produced. Up to 
the present time the wave-length measurements extend from a shortest 
wave-length of the order of 0*1, up to the longest of some 20 Angstrom 
units. This corresponds to a region of voltage ranging from 130 to 
0*6 kilo-volt. In present-day medical work for therapeutic purposes, con¬ 
siderably higher tensions, and hence shorter wave-lengths, are used. 

The old-fashioned types of X-ray tube, in which the residual gas in 
the tube plays an important part in its operation, are often called gas- 
filled tubes. This kind of tube is best adapted to medium and shorter 
wave-lengths, while for the long, as w-ell as for the very shortest waves, 
one must employ tubes w r ith a very high vacuum. In these tubes the 
electrons for the bombardment of the anticathode must be produced by 
a special device. This type of tube is called an electron tube. A frequent 
name for the latter is also gas free tube/’ It is true that even these 
tubes contain no insignificant amount of gas, but it plays no appreciable 
part in the working of the tube. 

14. Gas-filled Tubes 

In the ordinary medical tubes of the gas-filled type the electrons are 
liberated from the cathode by positive ions, which, coming from the 
residual gas, are driven against the cathode. The first stage in the 
discharge is thus the splitting up of gas molecules in the tube through 
the medium of the applied voltage. The positive ions are then hurled 
against the negative electrode by the electric field, there freeing electrons 
which constitute the real cathode rays. The cathode is made concave in 
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order to collect the cathode rays into a small focal spot. For since the 
electric field near the cathode surface is nearly perpendicular to the 
surface, the electrons, following the lines of the field in the first part of 
their course, will also leave the surface almost normally. Practice has 
shown that the radius of the hollow cathode must, in general, be made 
smaller than the distance from cathode to anticathode. 

Aluminium is chosen as the material for the cathode in order to 
reduce to the smallest possible amount the sputtering which accompanies 
the liberation of cathode particles. As may be seen from Fig. 19, which 
represents a typical gas-filled tube, the anticathode is brought into the 
middle of the bulb, while the cathode is placed in a special extension tube. 



Fig. 19. Constant therapy tube TK with Gundelach Regeneration. 

This location of the cathode is of very great significance for the action of 
the tube, because electric charges attach themselves to the glass wall 
around the cathode, and they greatly influence the operation of the tube. 
By adjusting the hollow cathode to a greater or less depth in the side 
tube it is possible to vary the hardness in a convenient manner. Besides 
the anticathode itself, which is provided with a cooling arrangement in 
order to sustain heavy or long continued operation, there is usually a 
separate anode. Its function seems to be mainly to decrease the dis¬ 
charge in the reverse direction. It is generally placed behind the anti- 
•cathode, with which it is metallically connected. 

Since the hardness, as has been already mentioned, depends on the 
degree of vacuum in the tube, and further, since in the operation of the 
tube the amount of contained gas diminishes, some mechanism must be 
provided for the addition of fresh gas. Many types of apparatus are 
provided with such 64 regenerative ” attachments. Fig. 19 shows one in 
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which the current passes through A when the tube becomes too hard. 
The small quantity of gas liberated by heating or by spark discharge in 
the substance enclosed in this side tube is sufficient to restore the pressure 
to the proper value. 

These brief remarks on the operation of an ordinary medical gas-filled 
tube will perhaps suffice to enable one to understand the further develop¬ 
ment of special tubes which are con 
structed to meet the various needs of 
X-ray sjleetroscopy. 

In order to meet such demands of 
X-ray spectroscopic work, the firm of 
Emil (hmdelach in Gehlberg, from 
specifications of the author, has con¬ 
structed tubes embodying a slight 
modification of the above type (see 



Fig. 20. Gas-lillctl X-ray tube, with 
window and ehungt*abl«* auticathodc 
for spectroscopic purposes. 


Fig. 20). One may quickly remove 
the anticathode, and put upon it what¬ 
ever substance is to be investigated. 
Further, since one often works with 
substances which are easily vaporized, 
effective cooling is necessary. For this 
purpose the anticathode consists of a 
copper tube, to one end of which is 
soldered obliquely a plate of copper or 
silver 1 to 2 mm. thick, while the other 
end is provided with two tubes for water 
cooling. Opposite the anticathode is a side tube, over the end of which 
is sealed a thin sheet of aluminium, so that even the softer radiation may 
pass through. Pizein serves very well for the cement, and for the ground 
joints Ramsay grease prepared according to the directions in Kohlrausch’s 
Lehrbuch. 

For the operation of the tube a rapid pump is attached, and the 
vac mini thus regulated to obtain suitable currents. This demands a 
little practice, because so many variable factors are present. In addition 
to the rate of pumping the external electrical conditions are also variable, 
and these modify the pressure in the tube, even with a constant rate of 
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pumping. In the discussion of the medical tubes we mentioned the fact 
that the discharge used up the enclosed gas. But with freshly evacuated 
tubes, in which water vapour is adsorbed on the 
walls, the discharge may have the reverse effect, and 
even liberate enormous quantities of gas, especially 
when a volatile substance has been placed on the 
anticathode. At the beginning of operations this is 
the normal condition of affairs, and as a consequence 
one cannot run the tube continuously at the be¬ 
ginning. On this account it is very important, in 
using the tube with an induction coil, to connect in 
the high tension circuit a suitable rectifier, such as 
a valve spark gap or some other of the commercial 
types. 

In order that these tubes may function well—and 
this is also true of all other types of tubes—it is 
absolutely necessary to maintain the most painstak¬ 
ing cleanliness. For example, a tiny speck of grease 
on the anticathode is continually bombarded by 
scattered cathode rays, even when it is far away from 
the focal spot, and thus the vacuum is destroyed, 
or at least the discharge becomes unruly. Also, 
x-ray tube of KauschVon when the anticathode is put in place, one should see 

Traubenberg, constructed . 1 L 

especially for crystal study to it that only the outer two-thirds of the around 
by the powder method. . . 1 ° 

joint are greased, the rest remaining clean. This 
permits only a slow inward diffusion of the vapour of the grease. 

The tubes just described are very stable in their operation, because of 
their great volume, but they 
have the disadvantage that 
the anticathode is necessarily 
at a considerable distance 
from the analyzing apparatus. 

With large spectrographs, 
where the distances are con¬ 
siderable in any case, this is 
not of so much consequence; 
but in certain investigations, 
for example, in the study of 
crystals by the powder method, 
where with a small apparatus 
an intense radiation is desired, 2U, ‘ Kaye ’ s X ‘ ray 1 ube with clmngeabIe anfi(,afch0(te * 
the large distance to the focus is very disadvantageous. To avoid this 
difficulty Rausch von Traubenberg constructed the tube shown in Fig. 21a- 
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The antieathode is here sealed in a side tube, and, like the one in the 
previous tube, is removable and water-cooled, the cooling being good 
in the neighbourhood of the seal. In this tube also the rays escape 
through an aluminium window. 

Kaye used a gas-filled tube which permitted quick change of the 
material of the anticathode. His arrangement also allowed soft radia¬ 
tion to escape from the tube, and is shown in Fig. 21 b. The change 



Fig. 21c. Muller's special X-ray tube for the Fig. 22. Porcelain-metal X-ray tube of 
X-ray spectrum of mercury. Hadding for crystallographic purposes. 

from one anticathode to another was made by means of a magnet. The 
tube was provided with aluminium windows. It was a tube of this kind 
that Moseley used in his famous researches. 

A very interesting form of tube is that devised by A. Muller for exciting 
the spectrum of mercury vapour. It was only a provisional arrangement, 
but the results show that the tube works very successfully. The con¬ 
struction and manner of operation may be understood from Fig. 21c 
without further explanation. 

A metallic X-ray tube, which serves the same purpose as that of 
Traubenberg described above, was constructed by the author and tested 
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by A. Hadding for crystallographic and mineralogical investigations 
(Fig. 22). In comparison with the glass tubes it has the advantage of 
being practically indestructible, and will carry a much heavier load 
without any danger to the tube. The cathode passes through a specially 
constructed porcelain insulator, and is water-cooled. It is, however, in 
general, hardly necessary to cool the cathode ; it is sufficient, even with 
moderately heavy loads, to send a little water through occasionally. On 
the other hand, the cathode of a tube, such as that shown in Fig. 20, 
when carrying so heavy a load becomes red-hot in a short time, as Hadding 
was able to prove by comparative tests. The metal casing is surrounded 
by a cooling jacket, and during the operation of the tube it, as well as 
the anticathode, must be cooled by running w r ater. The anticathode fits 
in a cone-shaped opening, and is sealed only with Ramsay grease. Round 
about the anticathode, and level with the focal spot, are several windows 
(three has proved to be a suitable number), and across these windows 
aluminium foil 0*007 to 0*015 mm. in thickness is stretched and fastened, 
the joint being sealed with a little Ramsay grease. 

The tube is intended to be permanently connected to a vacuum 
pump. The most convenient thing for this connection is a metallic tube 
such as that furnished by the Waffen-und Munitionsfabrik at Karlsruhe 
(the so-called flexible tombac tubing). One end of this metallic tubing 
is then soldered to the X-ray tube, and the other end is attached to the 
outer portion of a ground metal joint if a molecular pump is to be used. 
If we connect to the tube a parallel spark gap, adjusted for the proper 
tension on the tube, and a device for the evolution of gas, on the principle 
of that shown on the tube of Fig. 19, then the tube will run automatically 
for hours with no further attention. 

A tube of the dimensions most frequently used by the author operates 
best with a tension of from 30 to 40 kilovolts. With a current of 10 to 
20 milliamperes the monochromatic radiation from a copper or an iron 
anticathode is powerful enough to give a good photograph by the powder 
method from most crystalline powders in from 15 to 30 minutes. Three 
photographs may be taken at once if desired. In this method, where 
purely monochromatic radiation is to be desired, the use of gas-filled 
tubes rather than electron tubes is distinctly recommended. With 
electron tubes, the cathode very quickly (even after a few minutes, as 
the author has found in his spectroscopic work) deposits upon the anti¬ 
cathode a thin layer of tungsten from the hot tungsten wire, and thus a 
rather strong tungsten radiation is mingled with the radiation from the 
material of the anticathode. Further, since the tungsten spectrum in 
this region is very complicated, having more than 20 lines,—the interpre¬ 
tation of the diagram is made much more difficult. For spectroscopic 
purposes this tube is adapted to wave-lengths ranging from about 0*5 
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to 2 or 3 A.U. when the substance to be investigated is rubbed on the 
anticathode. 

15. Electron Tubes 

In the electron, or “ gas-free ” tubes, the vacuum is so high that 
when the high tension is applied to the electrodes no current passes 
through the tube. In order to have a current flow through the evacuated 
space, electrons must be present at the cathode. One might think that 
any of the known means for producing electrons could be used, but in 
practice only the following have been successful: 

1. The production of electrons by the hot wire cathode, the wire 
being usually of tungsten; 

2. Production of electrons at the cathode by hot oxide; 

3. Production of photoelectrons at the cathode by illumination with 
ultra-violet light; 

4. Autoelectron emission by Lilienfeld’s method. 



FlG. 23. The Coolidge commercial electron X-ray tube. 

The first method is the one of greatest importance, if not the only 
practical one. Fig. 23 represents a commercial Coolidge tube constructed 
on this principle. The cathode is in the form of a small cylinder, within 
which is placed a flat spiral of tungsten wire. Two wire conductors lead 
in from outside the tube to the ends of this spiral, of which one is in 
direct metallic connection with the cylinder of the cathode. The spiral 
is heated to a high temperature by a separate source of current, such as 
a storage battery or a step-down transformer. At white heat the tungsten 
wire begins to emit electrons, and if now the high tension is applied to 
the terminals of the tube the electrons are driven at high speed against 
the anticathode, where they generate X-rays. By adjusting the spiral at 
a greater or less depth in the cylinder, one may cause the cathode rays 
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to be concentrated into a focus of greater or less area on the anticathode. 
A spherical cap on the cathode often serves the same purpose. 

For medical work these tubes have recently been constructed to be 
run at very high tensions, the whole tube then being immersed in oil 
Such tubes are rated at several milliamperes with 270 kv. 

The great advantage of this type of tube is that it is possible to control 
the output. The applied voltage, and hence the hardness, may be varied 
independently of the current through the tube. The tube current 
depends on the number of electrons furnished by the hot filament, and 
since this number depends on the temperature of the filament it may be 
controlled by the filament current. By varying the tension these tubes 
are capable of producing X-rays of any hardness whatever, from the very 
soft rays at a few hundred volts up to those just mentioned at 270 kv. 

The commercial tubes having tungsten or molybdenum anticathodes 
have found extensive application in X-ray spectroscopy; first to study 
the line spectrum of both these elements, and secondly to obtain with 
tungsten a strong white ” radiation, or with molybdenum (or rhodium, 
or palladium) a good monochromatic radiation. One important use for 
the white radiation is to excite characteristic, secondary radiation, as 
already indicated in connection with Barkla’s experiments. If the 
intensity of the primary rays be sufficiently great the new spectroscopic 
methods may also be applied to such secondary rays, and there is this 
advantage, that the material to be investigated need not be brought inside 
the tube, and hence pumps and other accessories for exhausting the tube 
may be dispensed with. De Broglie, in particular, has studied, by this 
method of excitation, an extended series of emission and absorption 
spectra. Of course, it is self-evident that the gas-filled tubes may also 
be used in this way, provided they give sufficient intensity. 

These tubes have found a second very important sphere of usefulness 
in the study of crystal structure. For photographs from powdered 
crystals many investigators have used hot cathode tubes provided with 
molybdenum or rhodium anticathodes. In the latter type of investiga¬ 
tions, however, incomparably more is obtained by the use of the gas-filled 
tubes, especially the metallic ones. 

The electron tubes must be modified somewhat for purposes of X-ray 
spectroscopy, so as to embody the following necessary features. 
(a) There must be a convenient way of applying the substance to be 
investigated to the anticathode, (b) The tube must be provided with a 
transparent window, (c) It must be cooled so that even with rather 
volatile substances a large output from the tube is possible, (d) The 
hot wire must be easily replaceable, for it is frequently destroyed by the 
vapours given off by the substance under investigation, (e) Finally, 
the dimensions of the tube must be as small as possible, in order that the 
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anticathode may approach as near as possible to the spectroscopic 
apparatus. A most important point to bear in mind when designing a 
tube is to have as few joints and wax or cement seals as possible. Every 
waxed joint or seal is a potential source of trouble in apparatus designed 
for high vacua. 

The author has made thorough tests of various designs in glass, 
<piartz and metal, in the attempt to fulfil the above conditions. The 
metal tubes built on the plan of Fig. 24 have given the most satisfaction. 


Filament 

circuit 


-Earthed 


The tube proper is a cubical piece of wrought 
brass, into which holes are bored from three 
sides. Three side tubes are soldered into these 
three openings, one tube being cylindrical and 
leading through a metal connection to the 
vacuum pump. The other two carry on conical 
joints the cathode and the anticathode respec¬ 
tively. These last two tubes, carrying the 
anode and the cathode, arc cooled by water 
running through the passages in the cubical box, 
as shown in the figure. Through the side of 



Fit;. 2-1. Metal tube with hot cathode for spectroscopic use. 


the cube facing the anode, and in the direction of the anode, a small hole 
is bored, 5 mm. in diameter. The outer part of this opening is enlarged 
to a width of 10 mm. The slit is inserted here so that its outer edge is 
in the plane of that face of the cube. A canal for cooling is also hollowed 
out round about this opening and connected with the rest of the cooling 
system. 

In this design of tube the distance of the slit from the focus on the 
anode is about 25 mm., while one edge of the cube measures 55 mm. 
On account of the effective cooling arrangement, which is brought near 
to all seals and joints, this tube will operate undisturbed for hours, even 
under a very heavy load. 

The anticathode is constructed just like that of the gas-filled tube 
described earlier, in which a copper plate was fastened in the focal plane 
with hard solder. The anticathode within the glass tube is fastened with 
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pizein, so that it is possible to centre the copper rod within the metal 
cone, even when the axis of the ground conical part does not coincide 
with the axis of the rest of the glass tube. A standard type of ground 
glass-joint w as used, so that if one w r ere broken it could easily be replaced. 
It is very important for the life of the glass insulator that it be kept very 
clean, and especially free from the grease of the ground joint. To this 
end a small groove is cut around the metal cone at about one-fourth of 
its length from the outer end. In applying the grease, and during the 
operation of the tube, one should see to it that no grease gets beyond this 
groove. In this connection attention may be called to a minor point, 
which is nevertheless important for the good performance of the tube ; 
if the metal cone be shorter than the ground glass surface, so that the 
ground glass extends beyond the metal, and is in contact with it, then 
when the high tension is applied there is a strong electric field at the 
common boundary of glass and metal, and sparks are likely to occur 
along the glass. These sparks heat the tube strongly and are liable to 
crack it. Hence it is necessary that the metal part shall extend beyond 
the ground glass into the blown part of the tube ; there will then be no 
field at the circle of contact. For similar reasons one must take care 
that in sealing in the anode the pizein is not exposed inside the tube so 
that it may serve as a starting-point for a discharge along the glass wall. 

The piece which carries the hot cathode is in metallic contact with 
the cubical box. This cathode holder has direct electrical connection with 
one end of the tungsten spiral, while the circuit is made to the other end 
bv an iron rod 2 mm. in diameter, which passes lengthwise through the 
middle of the holder and is insulated from it. This insulation is secured 
by two small pieces of quartz tubing placed at either end. At the inner 
end this rod bears a small nickel cylinder with a screw for attaching the 
tungsten wire. The entrance of the iron rod is sealed off by a little pizein 
at the outer end of the cathode holder. Jn order to focus the cathode 
rays a thin-walled iron cylinder surrounds the tungsten spiral. By 
screwing this cylinder on more or less the focus may 
readily be varied from a circular spot of about one 
mm. diameter up to one of six or eight mm. 

The production of tungsten spirals of four or five 
turns, from wire of 0*2 or 0*3 mm. diameter, is easily 
accomplished by the contrivance shown in Fig. 25. 
After the spiral has been wound and the top screwed 
on, the whole is heated a moment to a faint red glow. 

Finally, the slit consists of two equal parts, one of 
which is shown in Fig. 26. They are of steel, and 
are held together by two small steel screws. The faces of the slit are 
polished to a plane surface with an oil-stone. Leaves of aluminium or 



Fig. 25. Simple de¬ 
vice for making tungsten 
spirals for use as hot 
filaments. 
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mica are inserted between the two sections to give the slit the required 
width. The slit is made fast by a little pizein in the cavity bored for 
it in the tube. The real vacuum seal is obtained by 
a foil of aluminium, or by a piece of gold-beater's 
skin 15 x 15 mm. in size, which is laid over the slit. 

This tube is suitable for tensions up to some 
30 kv. In general, a current of 30 to 50 milliamperes 
may be used for studying infusible substances which 
cannot be soldered to the anode in sheet form, but 
which are rubbed on as powder in the ordinary way. 

With a larger current the material will be scattered 
from its place too rapidly. With a tungsten anti- 
cathode, which is used, for example, in photographing 
absorption spectra, the current may be pushed much higher. The author 
has even tested the tube with 200 milliamperes at 20 kv. But even 
the tungsten target bears up under such a load only with difficulty, and 
ordinarily the current should not exceed 100 milliamperes. With heavy 
currents there is also the danger that, as a result of the liberation of a 
bubble of gas, or from some other cause, a sudden lowering of the vacuum 
will permit a much too powerful ionic current to traverse the tube. 

Since these tubes are, of course, opaque on all sides, one cannot see 
what is going on inside ; therefore, one must judge how the tube is work¬ 
ing from the indications of the ammeter connected in the high tension 
circuit, and from some type of high tension voltmeter. It is also very 
desirable to have an ammeter in the filament circuit, so that one may 
know the condition of the hot spiral. It is best to heat the filament by a 
storage battery so that the spiral may be maintained at a constant 
temperature. In general, for greater convenience, we may earth the 
cathode, thus avoiding the necessity of insulating the rheostat in the 
filament circuit. 

To test the tube we may simply proceed as follows : first, without 
turning on the filament current, see if the tube will sustain the high 
tension without allowing any discharge whatever to pass, even when the 
voltage is raised above that which it is intended to use. It is advisable 
at first to admit air to the tube several times at a pressure corresponding 
to that of the backing pump, in order that the gases adsorbed on the wails 
may be removed more quickly. When the vacuum has reached the stage 
at which no discharge occurs, then the temperature of the filament may 
be raised by increasing the current slowly, meanwhile keeping a moderately 
large voltage applied to the tube. If the vacuum is good the high tension 
current increases continuously with increasing filament current. Since 
the current in the tube depends on the number of electrons lilierated 
from the cathode, we might expect the current to be exactly proportional 
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to the number of electrons. This is true at first, and is approximately 
.so when higher tensions are applied to the tube, as in the case of ordinary 
medical practice, but in X-ray spectroscopy moderate tensions are often 
used, and then there is a disturbing effect on this proportionality. The 
hot wire begins to emit electrons in appreciable quantities at a tempera¬ 
ture of about 1800° K. Above that temperature their number increases 
very rapidly, as indicated by the full line curve of Fig. 27. According to 
Richardson, the quantitative relation between the' number of electrons 
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ejected and the temperature is 
given by the equation 
a 

(2b) 

in which V and d are constants 
depending on the material of 
the wire, and T is its absolute 
temperature. 

When the difference of po¬ 
tential between the anode and 
cathode is small the electric 
field is unable to remove the 
electrons from the cathode as 
fast as they are produced. 
Hence, with constant voltage 
and increasing temperature, the 
tube current increases more 
Z600°K slowly than the number of 
electrons, and even approaches 
a limiting maximum value, so 
that a further rise of temperature with the consequent increase in number 
of electrons causes no greater current. This maximum value depends on 
the difference of potential between the two electrodes and increases with 
this difference, as may be seen from the dotted curves of Fig. 27, which 
are taken from Langmuir’s work. 

Langmuir has given a more comprehensive explanation of this pheno¬ 
menon, which plays an important role in the use of X-ray tubes for 
spectroscopic purposes. We will follow his treatment in a simple case, 
the conditions of which are in effect very similar to those concerned in 
X-ray tubes. Let there be a difference of potential of V 0 volts between 
the plane parallel plates A and B (Fig. 28). If there are no charges in 
the space between the plates, then the potential will evidently rise uni¬ 
formly from A to B according to the line PQV 0 . But if a certain number 
of electrons per second are given off by the plate A, the potential dis¬ 
tribution is thereby changed. The curve showing the value of V takes 
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the general form of PSV a . The more electrons given off by A the more 
the potential curve sinks, until at the point P it is perpendicular to the 
dV 

plate. This means that the intensity of the electric field, is zero in 

that region, and hence the electrons liberated are not carried away ; a 

saturation current is reached. From Poisson’s 
equation, 

d 2 V A 

(U* ==4irp> ( 2 0 

f) being the density of the negative electricity 
in the plane x. When an electron of charge e 
leaves the plate .4 and travels along the plane x 
through a difference of potential V, its kinetic 
energy is increased by 

hnv* = eV, (28) 

where m is the mass of the electron and r its 
velocity. The current in the plane x, per unit 
cross-station perpendicular to the plane, is 

i—?y>. (29) 

By elimination we obtain from these three equations 
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dx 


(30) 


If we integrate this equation subject to the boundary conditions of 
the sat uration current, that is, if we put 

dV 


F-0; 


dx 


= 0, when x — (), 


we obtain 


_ s/2 I e V 2 

lxx " <hr V m x 2 ' 


(31) 

(32) 


Hence the maximum current possible is inversely proportional to the 
square of the distance between the two plates, and it increases as IV 
Langmuir was able to show, by consideration of dimensions, that the 
maximum current is always proportional to IV Concerning the effect 
•of the geometrical configuration of the electrodes, it is in general true 
that the current may be increased by bringing the electrodes nearer to 
•each other. The actual conditions in X-ray tubes of this kind under 
•consideration are, moreover, very much like those in the special case of 
the two plates just described, and the dependence of the maximum 

current on expressed by (32), should, therefore, be approximately 
true here. 
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In order to obtain some idea of the order of magnitude of this maximum 
current the author has made a few measurements with a tube of the type 
of Fig. 30a. These are simply rough measurements carried out with a 
pulsating direct current. The following table shows the dependence of 
the maximum current, measured in milliamperes, on the difference in 
potential between the electrodes. 


Tension. 

Volts. 

| Maximum Current. 
Milliamps. 

Tension. 

Volts. 

Maximum Current. 
Mllliamps. 

7,000 

u 

14,000 

90 

9,000 ! 

:?2 ! 

16,000 

130 

12,500 | 

70 if 

i| 

1 1 

18,000 

200 


If unidirectional and constant voltage be used the maximum currents 
are substantially greater. With the smaller voltages the saturation 

value of the current is quickly reached, thus 
setting a very low limit to the capacity of the 
tube. The remedy for this difficulty is evident, 
however, from what has been said above; it 
is merely necessary to decrease the distance 
from cathode to anode. Fig. 29 illustrates a 
construction of cathode and anode which was 
used by Hjalmar, and found quite satisfactory 
for lower voltages. The distance may here be 
made as small as desired. 

We now return to the question of the operation of the tube. If 
the vacuum in the tube is high enough for it to operate as an electron 
tube the action is as follows: with a given voltage applied to the 
tube, when the filament circuit is closed and the heating current raised 
to a certain value (6 to 8 amp. for a filament of diameter 0-25 mm.), the 
high tension current begins, and rises rapidly according to the curve in 
Fig. 27. At moderate voltages the maximum current is soon reached, and 
a further increase of the filament current causes no corresponding rise in 
the tube current, but may easily result in burning out the filament, which 
was at a very high temperature even when the saturation current was 
reached. A rise in the voltage applied to the tube immediately makes 
an increase in the tube current possible. 

The electron discharge at first liberates absorbed gases and vapours, 
and thereby lowers the vacuum. The ionic current which ensues may 
readily endanger the glass joint. It is therefore highly advisable that the 
current and voltage be raised carefully at first. 

When the tube is in use it must be cooled by running water. For 
this purpose the high tension electrode may be connected directly to the 
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water tap through several metres of glass or rubber tubing. With a 
voltage as high as 30 kv. the current through the stream of water, which 
is in parallel with the tube current, does not exceed a few milliamperes, 
and hence does no great harm. Its magnitude may be found by dis¬ 
connecting the filament current. 


Filament [earthed) 



Adjustable 
\"8teel slit 


Water cooling 


Another form of the same 
general type of tube is illus¬ 
trated in Fig. 30a. The focus 
is here made linear in order 
to obtain greater radiation of 
energy in a given direction, 
without imposing too great a 
load on the surface of the anti- 
cathode. After what has already 
been said the construction will 
easily be understood from the 
figure. A drawba ck to this tube 
is that the mounting of the anti¬ 
cathode extends in the same 
direction from the tube as the 
beam of cathode rays. The 
result is that scattered cathode 
rays sometimes enter the tube 
of the anode mounting and 
there liberate absorbed vapours, 
especially from the seal. Be¬ 
cause of the difficulty which 
then ensues of maintaining the 
proper high vacuum, such large 
currents pass through the tube 

that the glass joint is liable to be cracked by local heating. This form 
of tube therefore demands more careful operation than the preceding 
one, but with this provision it works equally well. 

Finally, we may mention a cylindrical tube of the same type, so 
constructed that it is possible to approach nearer to the anticathode than 


Fig. 30A. Metal hot cathode tube with linear 
focus. 
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with either of the two tubes discussed above. This tube, shown in 


Fig 30b, shares with the preceding one the disadvantage that the anode 



Pl(*. 30u. Cylindrical metallic hot cal hode tube 
with very short distance between focus and slit. 


seal is exposed to bombardment 
from the scattered cathode rays. 
For certain special purposes the 
tube has amply demonstrated its 
usefulness. 

In his investigations of the 
fainter lines in the L series of the 
heaviest elements A. Dauvillier has 
employed tubes made entirely of 
quartz. Such a tube is shown in 
the right side of Fig. 31. 

Three-electrode tubes also essen¬ 
tially belong to the electron type 
here described. Lilienfeld’s tube is 
probably so far the one of greatest 
practical importance among these. 
Compared with the electron tubes 
heretofore described, the Liliefifekl 
tube has the essentially different 
feature that the cathode is not 
heated, and that the electrons which 
give rise to the X-rays are not the 
primary electrons from the filament. 
Instead, the electrons which proceed 
from the cathode and fall upon the 
anticathode are liberated from an 
opening in the middle of the cold 
cathode by primary thermoelectrons 
from the filament G (Fig. 32a). 
These electrons are driven by a field 
of several hundred volts into the 
opening of the cathode, and there, 
striking the walls, they liberate new 
electrons in greater numbers. Two 
separate voltages are thus necessary 
for the operation of this tube ; in 
addition to the regular high tension 
between cathode and anode there is 
an exciting voltage Z to accelerate 


the electrons from the filament G in the direction of the cathode. A few 


hundred volts suffice for the latter purpose, as stated above. 
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No matter how many electrons are given off by the filament this tube 
will not emit radiation except when the exciting voltage is applied. The 



FIG. 31. Quartz tuhc, after Uauvillior, having hot filament, and changeable cathode and 
anode ; evacuated by a Langmuir pump of quartz. 


strength of the high voltage current can thus be controlled by means of 
the exciting voltage. The two voltages necessary for this tube may be 
supplied by the arrangement shown in Fig. .‘12a, in which two separate 


transformers are connected to the 
same primary alternating current 
circuit, while a third step-down trans¬ 
former furnishes the current for the 
filament. Each of the two trans¬ 
formers is separately controlled. 

Another system of connections is 
shown in Fig. 32b ; here the tube is 
attached to an induction coil. A high 
resistance a of special construction 
and a ' c balancing " resistance b divide 
the available voltage in the proper 
ratio between the two circuits. In 
addition, the tube has an auxiliary 



Fig. 32a. LilientVUl tube witli transformer 
connections. 


electrode 8 with its accompanying “ probing ” resistance d, which 


provides further regulation. In both arrangements the filament is 
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supplied with enough current to produce an excess of electrons in the 
chamber G. 

With tubes of this construction spectra have been obtained of certain 
elements which are suitable material for the anticathodes of commercial 
tubes. As far as is known to the author they are not used for purposes 
of general X-ray spectroscopy, because the three electrodes, in addition 
to the requisite exciting voltage, represent undesirable complications. 

For crystallograpic work, especially in photographing Laue diagrams, 
they have given excellent service, as is testified by the fine work in this 

and other directions from 
the Rhine Institute in 
Leipzig. 

Later we shall return to 
the construction of electron 
tubes which are applicable to 
the spectral region extend¬ 
ing from long wave-length 
X-rays to the shortest light 
waves. Before leaving the 
subject of electron tubes, 
however, we will mention 
two arrangements of tubes 
which have been used for 
special purposes. In order to 
compare the total radiation 
from a series of elements, 
Brainin soldered sheets of 
the substances in question 
to the sides of a hexagonal 
prism. This prism which 
formed the anticathode could be rotated about its axis, while the cathode 
was of the ordinary Coolidge type (see Fig. 33). 

C. 1). Miller, using a Coolidge tube at very low voltage, investigated 
the absorption of long wave-length residual rays in various substances. 
His apparatus is represented in Fig. 34. The special side tube is covered 
with thin foil. Directly in front of the foil is a filter for the rays, which 
allows only the hardest of them to pass through. The hardness of the 
residual rays was varied by changing the voltage. Of course the method 
does not afford radiation of the homogeneity of spectral lines, but rather 
a spectral region of considerable width ; nevertheless, if perfect homo¬ 
geneity is not essential the method has the advantage of great intensity. 

Concerning the methods of producing electrons mentioned at the 
beginning, namely, by cathodes of hot oxides, and by illumination with 
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ultra-violet light, we may mention that they have actually been used for 
special investigations ; for example, to produce very soft rays. Com¬ 
pared with the methods previously discussed, however, which are more 
convenient and which yield better results, they have lost their importance 
for most purposes, and it 
does not seem necessary 
to enter into a further 
consideration of them. 

This is probably not 
so with the last-mentioned 
autoelectron method of 
Lilienfeld. This method 
of producing X-rays is 
both simple and effective, 
and is full of promise. 

But it was only recently 
invented, and the publications concerning it are yet too meagre to permit 
of closer study. Only the most important points may be mentioned here. 
With a vacuum as high as that in the ordinary electron tube, it is generally 
impossible, even with the highest voltage applied to the electrodes, to 

cause a current to flow through 
the tube without first heating 
the cathode. Lilienfeld has 
found, however, that a dis¬ 
charge is possible when the 
cathode is pointed and placed 
within a few millimetres of the 
anticathode. The intense field 
set up around the point of the 
cathode can, so to speak, draw 
electrons out from it. Just 
what the mechanism of the 
discharge is does not yet seem 
to be entirely clear, but it 
may be noted that X-rays are 
emitted not only from the 
anode but also from the cathode, although from the latter in much 
smaller quantity. Spectroscopic study of the radiation has not yet 
been made ; nor has the suitability of the tube for spectroscopic work 
been investigated. 

It remains to be mentioned that J. J. Thomson has performed the 
experiment of exciting X-rays by bombardment with positive ions. In 
the work of Thomson the method did not seem capable of very great 

S.&. d 



Tig. 34. C. D. Miller’s apparatus for very soft rays. 



Fig. 33. 15 rain in’s arrangement for changing the material of 

the anticathode in a Coolidge tube. 
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efficiency, and, so far as is known to the author, no other attempts in this 
direction have been made. 

16. Spectroscopic Apparatus 

A. Spectrographs for the photographic method. 

From the beginnings of X-ray spectroscopy use has been made of 
the photographic action of the rays as well as of their ionizing properties. 
In a few cases their property of producing optical fluorescence has also been 
employed to demonstrate very intense spectra. Since the last method is- 
not a sensitive one we shall omit a discussion of it here, and devote our 
attention only to the first two. The photographic method has had the 
wider application, and we will therefore begin by describing it. 

According to the fundamental equation of X-ray spectroscopy, it is 
necessary for the production of a spectrum to have a very definite angle 



of reflection <f> for every wave-length A of the radiation to be exaznined. 
It is the problem of spectrometry to determine experimentally the 
angle concerned, in order to compute therefrom the wave-length by the 
relation referred to above. 

The method employed by Moseley in his experiments is portrayed in 
the diagram of Fig. 16. The slit at P is placed as near as possible to the 
focus of the X-ray tube, so as to allow the passage of a beam of rays of 
as large an angular width as possible. The crystal is set up at 0, while 
the photographic plate is held by an arm capable of rotating about an 
axis through 0. When the plate is in the position 3 it receives rays- 
which are reflected from the crystal at various angles, the smallest angle 
corresponding to R x , the largest to R 2 . Thus a considerable range of 
wave-lengths is photographed, corresponding to the various angles of 
reflection. In this way, by taking a number of photographs with different 
angles of crystal and plate, the entire spectrum may be photographed. 
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In order to determine the angles of reflection corresponding to the 
spectrum lines Moseley photographed two reference lines, by replacing 
the crystal by a slit and turning the plate through a known angle suffi¬ 
cient to cause the reference line to fall upon the plate. By taking a short 
exposure the direction of the line PO is indicated on the plate. 

By this method it 
is possible at each ex¬ 
posure to photograph 
only a relatively small 
As range of wave-lengths, 
especially when the 
angle of reflection is 
small. But if the ar- 
rangement is such that 
the plate and the slit 
are equidistant from 
_ the axis of rotation of 

I3r 

the crystal, then, as 
explained earlier, a 
“focussing” effect is 
attained. This has the 
advantage that with 
the plate (or, more 
accurately, with a film 
Sr bent in the arc of a 
circle) fixed in posi¬ 
tion, one and the same 
wave-length is always 
Nb reflected to the same 
. point on the plate, 
independently of the 
Rh angular position of the 
crystal. In this way it 
is possible, by . slowly 
turning the crystal, 
to photograph in one 

exposure a much larger region of the spectrum. 

This rotating crystal method was first employed in X-ray spectro¬ 
scopy by de Broglie. He caused the crystal to be turned continuously 
by clockwork, and, since the region under investigation was comprised 
between the limits of about 0° and 15°, he was able to obtain the entire 
spectrum on a flat plate. Fig. 35 is a reproduction of a later arrangement 
in which the very large distance from slit to photographic plate results in 
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Fig. 38. The K series of several elements. Taken with the 
spectrograph of Fig. 37 by Friman and the author. 
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greater dispersion. Here de Broglie mounted the entire spectrographic 
apparatus upon a lathe bed adapted for the purpose ; the slit is at A, 
the crystal is mounted upon the rotating support, and the plate is held 
at D. The clockwork may be seen at B. 

One of the first beautiful photographs by de Broglie is reproduced in 
Fig. 36. It shows those portions of the spectrum of platinum which are 
able to penetrate the glass wall of the tube. In addition to the principal 
spectrum, which lies in the horizontal plane through the directly trans¬ 
mitted beam, a series of subordinate spectra may be seen. These spectra 
are caused by reflection from crystal planes inclined to the axis of rotation. 


An 


Tl 


Fb 


Bi 


Fig. 39. The L series of four elements. Taken by Friman and the author with the spectro¬ 
graph of Fig. 87. 

The spectrographic apparatus of Fig. 37, built on the same principles 
as de Broglie's, was used by E. Friman and the author for the measure* 
ment of a number of spectra in the K and L series. The crystal was 
carried on clockwork which consisted of a demounted mirror heliostat. 
In addition to the adjustable slit, a second slit is placed between the 
X-ray tube and the crystal, and as near as possible to the latter. The 
direct beam through the axis of rotation of the crystal may be photo¬ 
graphed by means of this latter slit. In order to do this the two slits 
are made as narrow as possible, and the crystal table is slightly displaced 
to one side. After this direct beam is photographed the second slit is 
opened to a width of two or three mm. and serves as a screen. The 
region of the plate upon which the direct beam would fall is protected 
from further radiation by a strip of lead placed just in front of the plate. 
Figs. 38 and 39 are reproductions of photographs of spectra taken with 
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this apparatus; the former belong to the K series, the latter to the 
L series. 

Seeman has given an account of a somewhat different procedure in 
which, by using a rotation method, he could photograph a larger region 
of the spectrum. 

In this arrangement a straight edge (Fig. 40a) is placed close to and 
parallel to the face of a good crystal. The rays from the anticathode are 
reflected by the crystal, and pass through the opening between the edge 
and the crystal. If the anticathode be continuously displaced so that 
the incident rays fall upon the crystal at different angles, a spectrum is 
thrown upon the film. The same result is attained if the entire spectro¬ 
graph is rotated with respect to the X-ray tube. It is plain that the 
straight edge and its image in the crystal correspond in this case to the 
slit. Since the X-rays arc not reflected exactly at the optical surface. 



but penetrate more or less into the crystal, the width of the slit is rather 
indefinite. With radiation of shorter wave-length, the depth of penetra¬ 
tion is greater, and the apparent width of the slit increases without any 
change in the position of the straight edge. This is, of course, more or 
less the case also in the X-ray spectrographs described earlier; only 
there one may choose a more suitable material for the slit. 

In a modification of his edge spectrograph (Schneidenspektrograph) 
Seeman placed the slit close behind the crystal, that is, the rays passed 
through the slit after reflection. The advantage of this arrangement 
appears from Fig. 40 b. Let A be the source of the X-rays and K the 
crystal; then the rays reflected at various depths in the crystal give rise 
to a broad line on the plate, corresponding to the depth of penetration. 
The intensity of the line, as indicated in the diagram, will gradually fall 
off on the side towards the crystal, for the rays on this side of the line 
have travelled a greater distance in the crystal, and consequently are 
more strongly absorbed. But if the direction of the rays is reversed, 
that is, if the source is at B and the plate at A, then the rays reflected at 
various depths in the crystal are united in a single narrow bundle. 
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The justification of this last proposal rests on the imperfection of 
ciystals. For the theory shows that if the space-lattice Mere perfect, 
the entire reflection would occur in a layer a few thousandths of a mm. 
in thickness, independently of the wave-length (provided equation (16) be 
fulfilled). As a matter of fact the crystal is composed of a multitude of 
micro-crystals of nearly but not quite common orientation, and hence it 



Fig. 41. Spectrograph of Seeman. 


is possible that with hard radiation portions of the beam may be reflected 
only from planes lying deeper in the crystal, while they are only slightly 
absorbed by the surface layers according to the ordinary laws. The 
beam leaving the crystal will, of course, suffer the broadening which is 
due to irregular orientation of the microcrvstals, but with the slit placed 
as in Fig. 40 b the reflection at different depths in the crystal produces 
no such effect. Experience shows that 
under certain conditions the sharpness of 
the lines may be increased in this manner. 

Seeman has constructed spectrographs 
of several different designs according to 
the above principles; they are very care¬ 
fully worked out, and are especially 
-adapted to shorter wave-lengths. In 
particular, they have found large applica¬ 
tion in medical X-ray practice. With the 
permission of Mr. Seeman one of liis 
latest spectrographs of this type is reproduced in Fig. 41. 

Earlier than Seeman’s work, Rutherford, in his invest igations of 
7-ravs from radioactive materials, had used an arrangement in which the 



Fig. 42. Diagram of Rutherford’s 
transmission method. 
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slit was placed behind the crystal. The principle may be seen from 
Kg. 42. L is a linear source of radiation. The rays reflected from the 
crystal S all meet at the point 0 and pass through a slit which is placed 
there. Behind this slit is the photographic plate B. 



Fig. 43b. 

Figs. 43a, b, c. spectrograph for the determination of very short wave-lengths (up to 

0-5 A.U.). 

In order to obtain spectrograms capable of accurate measurement, 
the author has carried out two spectrograph designs suitable to the same 
region of wave-lengths as the Seeman type, namely, up to about 1-2 A.U., 
and has made a series of measurements with them. It is readily seen on 
studying the question that one and the same spectrograph can hardly 
be used for the entire region if the highest precision is desired. The 
spectrograph shown in the two figures, 43a and 43b, is designed for the 
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shortest wave-lengths. The action of the spectrograph and the method 
of measurement may be understood most easily from Fig. 43 d. 

The X-ray beam under investigation passes through the opening Bh. 
and is deviated from its original direction through an angle 2</> on reflec¬ 
tion at an inner system of atomic planes in the crystal Cr . Immediately 
behind the crystal is a gold slit, which transmits a narrow beam of the 



Fig. 


reflected rays. At the back of the spectroscope this beam falls upon the' 
photographic plate. Crystal, slit and plate are rigidly connected together, 
and may be rotated about a common axis passing through the slit. After* 
the spectral line has been photographed in the position indicated, the 
system is rotated about its axis far enough so that the symmetrically 
located beam is reflected on the other side. In each case the part of the- 



plate not receiving the reflected beam is protected from blackening by a 
movable lead screen. In addition to the two lines symmetrically located 
with respect to the middle point, the middle of the plate, or the foot of 
the perpendicular from the slit upon the plate, is marked by allowing the 
X-rays to pass for a moment through a slit, Sp. 2, adjusted at this 
middle point. 
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In the construction of this instrument care is taken to shield the 
interior of the spectrograph from the very hard radiation used. Very 
thick lead screens and coatings over the walls exclude entirely all stray 
radiation. In order to facilitate adjustments the box which contains 



Figs. 44A, B, c. Spectrograph for the accurate determination of medium wave-lengths 

(0-5 to 2 A.U.). 

the real spectrograph is mounted upon a tripod in such a manner that the 
axis of rotation fits directly under the slit into a depression in one of 
the legs of the support below. The rear part of the instrument carries a 
circular scale on which the position of the spectrograph box can be read. 

The crystal, which is of calcite, is so cut that the cleavage planes, at 
which reflection occurs, can be adjusted parallel to the normal to the 
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photographic plate. The thickness of the crystal should be from two to 
four mm., according to the penetrating power of the radiation under 
investigation. Slit 2 is adjusted first. The plate is replaced by a mirrbr, 
a beam of light is sent through the first slit, and the second one so placed 
that the beam of light passes through it also, is reflected at the mirror 
and returned to the first slit. The proper position of the crystal may be 
determined by a trial photograph of the tungsten K lines, for example. 
When the crystal is properly adjusted the two symmetrical images must 
be approximately equidistant from the central line. The angle of reflec¬ 
tion is then calculated from measurements of the distance between the 
two lines and the distance between slit and plate, which latter need be 
measured but once. The photograph may be taken on only one side, 
and the distance between the 
line and the slit 2 measured, 
provided the slight displace¬ 
ment of the middle line from 
its true position has been 
determined from a previous 
photograph taken on both 
sides. 

| This method is suitable for 
the determination of very small 
angles where the distance out 

* to the spectral lines is not very 
large. In case this distance is 
too large, and the surface of the 
plate is uneven, the result may 
be considerably in error, and 
it is then better to change the 
method so that the distances to be measured on the plate are small. 
This necessitates a corresponding rotation of the plate holder, and this 
rotation must be determined by an accurate circular scale. The con¬ 
struction is then that represented in Figs. 44a, b, c. As the diagram of 
Fig. 44 d shows, the slit and the photographic plate form the two opposite 
ends of a pyramid-shaped box. The crystal is fastened, separate from 
the slit, on a rotating mechanism with a precision scale attached. The 
reading on the scale always gives the amount the crystal is turned with 
respect to the line joining slit and plate. First the crystal is placed in 
position 1, so that the wave-length to be measured is reflected through 
the slit. Then the crystal is turned far enough to reflect rays of the same 
wave-length into the box in the position 2. The angle of rotation of the 
crystal which is necessary for this purpose is read from the circular scale. 
If the rotation of the crystal with respect to the line from slit to plate 



Fig. 44c. 
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is exactly 2 <f>, then the two lines will be superposed. But if we make 
the angle a little larger or a little smaller than 2 <f> we obtain two lines 
lying near to each other, and their angular separation may be calculated 
with sufficient accuracy by measuring their linear separation and the 
distance from slit to plate. This small angle is then applied as a correc¬ 
tion to the angle read off from the circular scale. 

Figs. 44 a, b, c represent the construction of the spectrograph neces¬ 
sary to accord with the diagrammatic representation given above. The 
under part consists of a tripod, to which the real spectrograph is attached 
so as to be capable of rotation. A plate of cast iron carries the slit and 
plate holder, as well as two microscopes for reading the precision scale. 



The crystal holder, on the contrary, is fixed to the circular scale, and 
turns in a conical hole bored in the cast-iron plate. 

This spectrograph is best suited for measurements of wave-lengths in 

o 

the region from about 0*5 to 2 A.U. Measurements by this spectrograph 
and by the previous one of the same wave-length in the region where 
their spectral fields meet have shown a satisfactory agreement. 

Uhler and Cooksey have built, on another principle, a spectrograph 
which serves to make measurements in the same region of wave-lengths. 
The plan of the apparatus is represented in Fig. 45. Two successive slits, 
S and S', separate out a very narrow beam, which after reflection by the 
crystal at 0 , falls upon the photographic plate. The latter is mounted 
on the carriage of a dividing engine, so that it can be moved parallel to 
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itself an accurately measurable distance. By measuring the distances 
between the symmetrically placed spectrum line the angle of reflection 
is easily computed. 

All the spectrographs previously described were designed for com¬ 
paratively short wave-lengths, 
so that the absorption in the 
walls of the tube and in the air 
path is of no significance. But 
we must not forget that much 
the greatest part of the X-ray 
spectrum falls in a region where 
these factors cannot be neglected. 

Even for a wave-length of about 

. 

1 A.U. the absorption in the 

! walls of an ordinary commercial FlG - 45 - 1>ia « ra,n method of Uhier and 

tube becomes very considerable, 

and at 2-3 A.U. the absorption in the air becomes strongly evident. 
As a glance at the table of wave-lengths shows, a part of the K series, 
most of the L series, and all of the M and N series fall in the region of 
greater wave-lengths. From this it is evident that the X-ray spectro¬ 
graph needs above all else some provision for carrying out photography 
in a vacuum. 



The first spectrograph for the investigation of the region of long 
■wave-lengths was the vacuum spectrograph of Moseley, constructed as 
indicated in Fig. 46. As previously stated, Moseley worked 
with a fixed crystal, and without the focussing ” arrange- ( 

ment, hence the slit was located outside the spectrograph 
proper, and very close to the anticathode. Moseley thereby 
attained the large angular width of beam which his method J ^ 
postulated. The crystal f 

upon the table B had » l Jk 

during each exposure a 

definite position angle, |p| * If £ 

and hence reflected each |L 1 A ^ 

* r Fig. 40. Vacuum spectrograph of Moseley. 

plate P. As a source of 

radiation Moseley used a gas-filled tube of the Kaye type. The spectro¬ 
graph was evacuated to a pressure of a few millimetres of mercury, and 
was separated from the higher vacuum in the tube by a diaphragm of 
gold-beaters’ skin at W. ^ 

Moseley's method of measuring the spectral lines has already been 
given. It consisted in removing the crystal from its table, then turning 
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the plate holder from its original position through a known angle and 
photographing upon it two reference lines. 

[^ r Th e author has built a spectrograph adapted to the rotating crystal 
method, in which, accordingly, the slit and the plate are equidistant 
from the axis of rotation of the crystal, and in which the crystal may 
be turned during the exposure. The earliest form of this apparatus is 
shown in Fig. 47a. In the centre of the large vessel was a conical bearing 
with a holder for the crystal. This cone could be turned from the out¬ 
side by means of an arm which also gave readings on a graduated scale. 
The plate holder, however, in this apparatus was capable of only a few 
definite positions. The values of the angle corresponding to these 
possible positions were known from previous measurements. The source 



Fig. 47a. The author’s first vacuum spectrograph with large glass X-ray tube. 


of radiation was a large gas-filled tube with removable anticathodc, such 
as has already been described. That this tube was capable of affording 
good spectrograms is evident from Fig. 47b, which represents the L series 
of ytterbium taken with this apparatus. (The K line of copper may also 
be seen upon the plate, since the material was rubbed on the copper 
plate of the anticathode.) 

In the endeavour to attain greater accuracy of measurement than was 
possible with the apparatus just described, and, in addition, to make 
available greater intensity in the region of long wave-lengths, the author 
has made various changes in this vacuum spectrograph. We may first 
explain the principle of measurement on which these changes are based > 
since that is the determining factor in the construction. 

The method of measurement is represented diagrammatically in 
Fig. 48. The crystal is mounted for the method of rotation, which means 
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that the crystal is at the same distance from slit and from plate. If the 
crystal is in the position 1, and the photographic plate at AA', then a 
certain part of the spectrum appears on the plate. If now, keeping the 
plate fixed, we rotate the crystal, the position of the various spectral 
lines on the plate is not thereby changed, but the only result is that other 
parts of the crystal and of the focal spot take part in the reflection. When 
a given desired line has been photographed in this position, the plate is 
brought into the symmetrically opposite position BB' by turning through 



Fig. 47b. Spectrum of the L series of ytterbium taken with the spectrograph 
of Fig. 47 A. 


an angle which can be read from a circular precision scale. Now if we¬ 
bring the crystal into the position 2, the same spectral region is again 
obtained. On developing the plate we have two impressions of this 
spectral region which are related to each other on the plate as object and 
image in a mirror. The spectrum line under consideration thus appears 
twice on the plate, and the distance between its two positions may be 
made very small by a proper setting of the plate holder. If the rotation 
were exactly four times the angle of 
reflection for the wave-length con¬ 
cerned, then the lines would be pre¬ 
cisely superposed. The plate holder 
should, however, be turned a little 
more or less, so that the lines are 
separated by two or three millimetres, 
a distance which can be measured 
accurately. By knowing the distance 
between the plate and the axis of 
rotation we are able to calculate the small angle corresponding to the 
distance between the two lines. We then obtain the true angle of reflec- 



FlU. 48. 
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tion for the line concerned by adding (or subtracting) the small angle 
thus calculated to the angle of rotation. 



Fia. 49. Vacuum spectrograph of the author for accurate wave-length measurements 
Plate holder and crystal are turned from without. 

From this account of the method of measurement it is evident that 
the angle of rotation of the plate holder must be capable of accurate 
determination, while, for the crystal, a rough setting in angular position 
will suffice. 
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The way in which these requirements are fulfilled may be seen from 
Fig. 49. Through the bottom of the vacuum chamber two cones pass, 
having a common axis ; the inner cone carries the crystal table, the outer 
the plate holder. Four horizontal arms at right angles are attached to 
the bottom of the inner cone. Each arm carries near the outer extremity 
a vernier which moves along a simple scale. This scale is marked on a 
guard ring, which serves as a protection for the precision scale. The 
latter is mounted rigidly on the outer cone, and the amount of rotation 
is read off by means of two microscopes provided with micrometer eye¬ 
pieces. On the most recent spectrographs the smallest scale division is 



Fig. 50. View of a vacuum spectrograph according to the latest model. 


o', and readings are accurate to 1 or 2 sec. of arc. A tangent screw to 
the outer cone allows the plate holder to be set accurately at the prescribed 
angle. 

To conform to the conditions for focussing it must be possible to 
adjust the crystal so that the reflecting plane is parallel to, and coincides 
with, the axis of rotation. To permit these adjustments the crystal 
table first may be rotated about a horizontal axis, and second, it may be 
displaced by a micrometer in a horizontal plane perpendicular to the 
horizontal axis. Further, the plate holder may be moved in the direc¬ 
tion towards the crystal, so that the plate may be set at a distance from 
the axis of rotation of the crystal equal to the distance between that 
axis and the slit. Great precision in this adjustment of the plate is 
unnecessary, but the distance from the axis of rotation to the middle of 
the plate must be determined to about 0*01 mm., in order to permit the 

S.S. E 
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calculation of the angle corresponding to the small distance between 
lines on the plate to the desired degree of accuracy. 

A more recent model 1 of the same spectrograph is shown in Fig. o0. 
In order to bring the tube and the anticathode nearer to the slit, the 
vacuum chamber is flattened on the side next the tube. The source of 
the radiation, the cubical electron tube which has been described before, 
is attached to the spectrograph by four screws. The entire equipment is 
depicted in Fig. 51. A capsule pump is used to evacuate the spectro- 



Fig. 51. Complete view of the vacuum spectrograph and accessories. 


graph, and it serves at the same time as backing pump for the molecular 
pump. The latter is connected to the electron tube by a metal pipe. 

A few words may be said on the adjustment of this spectrograph.. 
The principal difficulty lies in getting the reflecting plane of the crystal 
actually to coincide with the axis, while it is comparatively easy to make 
them parallel to a sufficient degree of approximation. The latter adjust¬ 
ment is carried out by the help of a telescope and scale and by means of 
a plane parallel strip of glass, which is pressed against the face of the 
crystal and fastened there. Since the glass strip in general is not perfectly 
plane, and the observations are made from the upper half of it, the mean 
value is taken of two observations, for the second of which the glass strip 
is turned with the other side facing the crystal (see Fig. 52). 

1 Built by the Curl Leiss firm, Berlin-Steglitz, Stubeurauchplatz 1. 
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These two adjustments, namely, making the reflecting plane parallel 
to the axis of rotation, and causing this axis to fall in the plane of reflec¬ 
tion, are of especial importance, and should be performed with care. 
The crystal is placed in the horizontal plane containing the focus of the 
anticathode and the part of the plate on which measurements are to be 
carried out. A slight error in adjusting the crystal surface parallel to 
the axis is then of less consequence. To adjust so that the axis falls in 
the crystal plane, a small auxiliary apparatus is temporarily attached 
to the arm of the plate holder (Fig. 49). This instrument is provided with 
a screw by means of which, when the plate holder is rotated, an ivory 
point may be adjusted, with the help of a 
microscope, until it is as nearly as possible in 
the axis of rotation. After this is done, the 
crystal, which was previously moved back 
somewhat, is now brought slowly towards the 
ivory point until they come in contact. The 
contact may be closely observed, for the point 
and its image in the crystal may both be seen 
in the microscope, and hence the instant when ^ 
they touch is easily determined. This method 
makes it possible to adjust the crystal surface to coincidence with the 
axis of rotation with an accuracy of about 0-001 mm. 

• It is of no advantage to diminish the width of the slit to less than 
0-02 or 0*03 mm., for in general the imperfections of the crystal are of 
such an order that a narrower slit does not increase the sharpness of the 
lines. For the same reason an increase in dimensions of the spectrograph 
gives no greater resolution, as experiments of the author have shown. 
In the neighbourhood of the copper K lines, whose wave-length is 1537 

o 

X.U. (1 X.U. — toVtt A .U.), the author’s larger spectrograph, with a 
slit width of 0*025 mm., gives a dispersion such that two lines which differ 
in wave-length by 0*4 X.U. are just resolved in the first order. The last 
investigation with this apparatus carried out by Hjalmar on the validity 
of the Bragg equation shows that it is possible to obtain spectrograms 
which may be satisfactorily measured even in the tenth order. Theoreti¬ 
cally the dispersion should increase as the order increases, but for various 
reasons the lines lose in sharpness, so that the actual increase in resolving 
power is not very great. 

With large angles of reflection the spectral lines on the plate appear 
curved. The following simple explanation shows how this curvature 
arises. According to the law of reflection a given wave-length is reflected 
iat a definite angle of incidence. Let us now think of a given point 
pource in the slit, and imagine the reflecting plane extending to infinity 
in all directions. All rays whose reflection is possible at a given angle 
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form a cone whose apex is at the point source, and whose axis is per¬ 
pendicular to the reflecting surface. The reflected rays also form a cone 
whose apex is the image of the point source, and which cuts the reflecting 
surface in the same circle as the first cone. Since the photographic plate 



Fig. 53b. 


is perpendicular to the reflected ray, the spectral line becomes the curve 
of intersection between a cone and a plane perpendicular to its generatrix. 
Prom this it is evident that when the angle of reflection is less than 45° 
the line on the plate is part of an hyperbola, at 45° it becomes a parabola, 
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and with more than 45° it goes over into a portion of an ellipse. Since 
the focus does not lie in the slit, however, the actual line is composed of 
a number of such portions of curves superposed one upon another. 



Fig. 53c. 

Figs. 53a, b, c. Vacuum spectrograph designed by the author for relative measurements 

of wave-length. 


Since we now possess fairly complete, and rather accurate data on 
X-ray spectra, and besides are able to find comparison lines in all parts 
of the spectrum, it is desirable for many purposes of spectroscopy to 
make relative in easurements. This is, 
indeed, the ordinary method in optical 
spectroscopy. In this case we may 
use a far simpler apparatus than that 
heretofore described In the author’s 
laboratory during the last few years a 
model has been used for such purposes, 
which has about the same dispersion 
as the types just discussed. Its ap¬ 
pearance and construction may be 
seen in Figs. 53a, b, o. The precision 
circle is here dispensed with, and one 
circular scale serves for both crystal 
and plate holder. This scale is Fig> 64 Small 8 pec t r0 graph with rotating 
graduated in 20' intervals, and the photographic work ’ 

plate holder bears a vernier reading 

to 1'. The plate holder may be clamped from without in any desired 
position. Close in front of the plate is a cross of fine platinum or 
tungsten wire, the shadow of which serves as a starting point for 
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measurements. The tube of Fig. 24, fastened to the spectrograph with 
screws, serves as the source of radiation. The adjustments and operation 
are exactly like those of the vacuum spectrograph just described. 

If one wishes to obtain quickly a general idea of the X-ray spectrum 
of a given material, as for purposes of analysis, it is of advantage to have 
a spectrograph with smaller dispersion requiring a correspondingly 
shorter time of exposure. We shall here describe a spectrograph used by 
Hadding for such purposes. The type shown in Fig. 54 is not intended 
for vacuum work. A cylindrical vessel with a cover attached by solder¬ 
ing has in the wall an adjustable slit. In the middle of the cover is the 
crystal table, capable of being turned by means of a cone. Attached to 
the cone on the outside is a knob bearing a pointer, by which one may 
read off the angle on a simple circular scale. 

The film used for photographing the spectrum is inserted along the 
inner wall of the cylindrical box so that the focussing condition is fulfilled. 
In taking a photograph it is only necessary to turn the crystal slowly 
backwards and forwards over the desired range of angle. The adjust¬ 
ment of the spectrograph is very simple. After the reflecting surface of 
the crystal has been adjusted parallel to the axis of rotation, and then 
moved parallel to itself until the axis lies in the surface itself, a position 
of the box must be found such that when the crystal is turned through 
180° the X-rays pass through the spectrograph equally well on both sides 
of the crystal. A slit about 1 cm. wide is cut in the cylindrical wall of 
the box diametrically opposite the slit. This hole is covered with black 
paper, and by holding a fluorescent screen behind this opening one may 
easily observe the distribution of radiation as required above. 

The X-ray tube used is that of Fig. 22, on the copper anode of which 
the material to be investigated is rubbed in powdered form. In order 
to keep sufficient material on the anode it is well to roughen the copper 
plate by scratching it with a knife, so that it is furrowed somewhat like 
a file. The copper lines are taken at the same time, and they afford the 
necessary reference lines upon the film. 

This little spectrograph is very useful and convenient in making 
rough observations quickly, and in certain cases it probably also gives all 
the information desired. One must be expressly warned, however, 
against drawing definite conclusions from these photographs, such as, for 
example, concerning the presence of a certain element, when one or two 
of the observed lines agree satisfactorily with the known wave-lengths of 
that element. In this region, and with the small dispersion, lines of the 
first and higher orders fall so near together, and are mingled also perhaps 
with lines not yet identified, that definite conclusions can seldom be 
drawn. This is especially true if the tube is driven at high voltage, 
€.g. with more than 40 kv. maximum tension, for then lines in higher 
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orders are multiplied greatly. It is therefore strongly recommended 
that in all doubtful cases the observation be checked by taking and 
measuring a photograph with an apparatus of greater dispersion. The 
higher resolving power will then often at once give the desired informa¬ 
tion through the very characteristic appearance of the strongest lines of 
the different series. The X-ray spectroscopic method is undeniably very 
valuable in furnishing information about the elements, expecially in the 
rare earth group, but it is greatly to be deplored when uncritical and 
superficial experimental results, obtained in this way, fail to stand the 
test, and thus partially deprive this method of the well-earned confidence 
placed in it. Unfortunately, the litera¬ 
ture is not entirely free from such 
tendencies. 

Quite a different type of spectro¬ 
graph is that described by Karcher, 
and used by him in an investigation 
of the M series of several elements. 

Fig. 55 shows two sections of this 
apparatus. Source and spectrograph 
are here in the same evacuated space. 

The actual spectrograph was built on 
the rotating crystal method. The 
spectrum was photographed on flat 
plates, which could be introduced in 
certain positions. This did not afford 
the best focussing, a fact which per¬ 
haps explains the rather large error in 
the wave-length determinations. The 
source was a gas-filled tube, the cooled 
anticathode of which projected out through the floor of the vacuum 
chamber. The plates were wrapped in carbon paper to protect them 
against ordinary light. 

B. Spectrographs with Ionizing Chambers . 

The great advantage of the spectrographs with ionizing chambers lies, 
of course, in the fact that with them it is possible to measure at the same 
time the intensity of the spectral lines. Nevertheless, it is probably not 
|)ossible to measure wave-lengths, especially of the weak lines, with the 
same accuracy attained in the photographic method. Up to the present 
spectrographs with ionizing chambers have been built only for relatively 
short wave-lengths : for easily absorbed rays they become altogether too 
complicated. 
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We need say but little concerning the construction of ionization 
spectrometers, since they are similarly designed to the Bragg spectro¬ 
meter already described. As a typical example we may mention the 
self-recording spectrometer of Compton, reproduced in Fig. 56. Crystal 
and ionization chamber are automatically turned, the chamber at double 
the rate of the crystal. The turning mechanism also rotates a drum 



covered with photographic paper, upon which the deflection of the 
electrometer is recorded. In order that these deflections may always be 
proportional to the conductivity of the ionization chamber, the free 
electrode of the chamber, in addition to being connected to the quadrant 
pair, is also connected through a high resistance to earth. Further, in 
order to prevent any confusion among the spectral lines due to fiuctua- 



Fig. 57. Spectrum from a Coolidge tube recorded by the spectrograph of Fig. 5fi. 


lions in the intensity of radiation from the tube, the total intensity of 
the radiation is recorded along with the reflected beam by a similar 
electrometer arrangement. 

The electrometer constructed and used by Compton possesses a very 
high sensitivity. He states that it works well even at a sensitivity of 
25,000 mm. deflection per volt. The success of the apparatus is shown 
by Fig. 57, which is a record of the spectrum of the tungsten anticathode 
in a commercial Coolidge tube. 
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This process of compensating for the fluctuations of the tube current 
and voltage by simultaneous registration of the total intensity is for the 
most part unsatisfactory, because a given change in total intensity does 
not cause the same relative change at different wave-lengths. In par¬ 
ticular, a change in voltage produces very unequal effects on different 
wave-lengths. If the X-ray generator, as is often the case, is connected 
to the municipal power supply there will be in many localities very 
considerable fluctuations, making any quantitative measurements impos¬ 
sible unless special precautions are taken. 



Fig. f>8. Double spectrograph of Windgardh and the author, used for absorption measurements. 


Windgardh and the author have employed a device in connection 
with an ionization spectrometer for absorption measurements, in which 
radiation of a given wave-length from the same bundle of rays is reflected 
from two separate crystals into two separate ionization chambers. Other¬ 
wise the apparatus (Fig. 58) was built on the principle of the Bragg 
spectrometer, that is, it consisted of two Bragg spectrometers placed very 
close together, with half of each circular scale removed. The two half 
spectrometers were then so adjusted that the line from the axis of rota¬ 
tion of the crystal to the slit for each spectrometer was directed toward 
the same point in the focal spot of the anticathode. The two ionization 
chambers were connected in opposition ; one was charged to +200 volts,, 
the other to -200, while the free electrodes of the two chambers were 
joined and connected to the electrometer. Thus, when equal ionization 
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currents were passing through the two chambers the electrometer needle 
showed no deflection. lathe absorption measurements referred to, various 
substances to be investigated were introduced into the path of one of the 
reflected beams, while an interposed sector disc diminished the intensity of 
the other beam in a known ratio until the ionization currents were equal. 

Williams used a similar arrangement for absorption and other like 
purposes. In his apparatus one ionization chamber was placed above 
the other. 

In general, in all spectrometers of this class, an ionization chamber is 
filled with some gas which will give ionization currents as large as possible. 
Among the gases most often used we may mention OH.J, CH 3 Br and S0 2 . 
The first two give especially large currents for wave-lengths which are 
shorter than the characteristic wave-lengths of the K series of i (for 
CH 3 I) and of Br (for CH 3 Br), 
for in these regions the ab¬ 
sorption increases suddenly. 

The characteristic radiation 
of the other components of 
the gases lies far outside the 
region of investigation. The 
choice of insulators presents 
some difficulty. Ebonite and 
amber are attacked by the 
gases, and quickly rendered 
conducting. Quartz is pro¬ 
bably best, and sulphur may 
be used in many cases. A device which solves this difficulty very nicely 
is that described by Duane and Blake. The chamber, shown in Fig. 59, 
consists of a sealed glass vessel, in which the insulated electrode is held 
by a quartz joint. C is a metallic shield, earthed and inserted to prevent 
electricity from reaching the insulated electrode. Since the chamber is 
so well sealed the gas content remains constant for a considerable time, 
so that results obtained at different times may safely be compared. 



Fiw. 59. Air-tight. Ionization chamber of Duane 
and Blake. 


17. Sources of High Tension for the Operation of Tubes 

The following sources of high tension are the ones principally used for 
the operation of X-ray tubes : 

1. Induction coils ; 

2. Alternating current high tension transformers ; 

3. High voltage batteries ; 

4. High voltage direct current generators ; 

5. Static machines. 
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The first two are of the greatest practical importance, while the last 
three find application only in exceptional cases. A high voltage battery 
is, indeed, an ideal source when a constant direct current for quantitative 
measurements is needed. But in the first place, on account of the high 
voltage necessary for such use, these batteries are very expensive ; and 
in the second place they require constant and wearisome attention, so 
that for the most part, at the present time, when it is possible to attain 
the same end in other ways, the use of the high voltage battery as a source 
of power is avoided. Such sources have been used, however, by some 
American experimenters in investigating the validity of the Einstein 
equation in the domain of X-rays. E. Wagner also, in his researches on 
this question, as w r ell as on the subject of the continuous X-ray spectrum, 
used such a source of high voltage. 

High tension direct current machines are of importance only for 
voltages below some 10 kv. They are used sometimes singly, sometimes 
several machines of 1 to 2 kv. each are joined in series. But they also 
are losing their importance as laboratory apparatus. The static machines 
have the disadvantage that they are built for only a very moderate 
power output, which is quite insufficient for most of the needs of X-ray 
spectroscopy. 

Induction coils represent the earliest source of high voltage for X-ray 
tubes. In general they are driven by direct current, w r ith some sort 
of interrupter to produce the necessary sudden variations in current 
strength. To vary the voltage of the induction coil, the primary winding 
is generally subdivided and provided with means of reversing the current 
through part of it. The weak point of the induction coil lies in the 
interrupter, which is in most cases not yet developed for intensive work¬ 
ing. Still it must be admitted that the more recent gas-filled rotating 
interrupters, which several firms now manufacture, are able to satisfy 
the demands of rather heavy loads. The electrolytic interrupters of 
Wehnelt and Simon also give very good satisfaction for many purposes. 

The induction coil finds its greatest application with medium to high 
voltages, and especially with gas-filled tubes. It is then very important, 
however, to have an effective valve in the high tension circuit, in order 
to cut off the reverse current from the tube. The simplest of such devices 
consists of an unsymmetrical spark gap which requires a much higher 
sparking potential in one direction than in the other. An adjustable 
point-plate spark gap with the plate connected to the negative pole of 
the induction coil also serves well as a rectifier. 1 The distance between 
the electrodes is adjusted by hand during the operation of the tube, and 
so accommodated to the vacuum that the tube works as well as possible. 

lEven when the gas-filled tubes are operated with rectified high tension current the 
insertion of an adjustable spark gap in series with the tube is not amiss. 
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Such spark gaps in closed gas-filled bulbs are placed on the market by 
various firms dealing in X-ray apparatus. Anyone may build for himself 
very good spark gap rectifiers by connecting some ten point-plate spark 
gaps in series ; any desired number of them may then be short circuited 
when in use. Spark gaps in which the points are replaced by short 
bevelled cylinders (Fig. 60) are an improvement over those with points. 



Jb'iu. 00. Valve spark naps in series. 


Other high tension rectifiers which have found wide application con¬ 
sist of evacuated glass bulbs in which one electrode is closely confined, 
preventing the formation of the cathode space necessary for the passage 
of the current. The other free electrode, when acting as cathode, offers 
very little resistance to the current (Fig. 61). 

For continued use the most 



Flo. OL. Valve tube recti Her. 


satisfactory source is the high 
tension transformer in conjunction 
with a mechanical rectifier, which 
either suppresses alternate im¬ 
pulses (which are in the wrong 
direction) or reverses their direc¬ 
tion. Fig. 62 shows an arrange¬ 
ment of this sort which makes 
available both halves of the wave 
in the high tension alternating 
current. The machine is driven by 
direct current. On the other end 
of the rotor are two brushes from 


which the low tension alternating current is taken, and led through an 
adjustable rheostat to the primary of the transformer. The primary 
winding is generally provided with several terminals, so that different 
values of the transformation ratio may be used. There are several 
types of rectifier, some like that of Fig. 62, some with cross arms made 
of non-conducting material. In order not to waste energy, systematic 
attempts have been made, in the construction of recent types of rectifier, 
to eliminate points and sharp corners. This is of especially great im¬ 
portance when working with the highest voltages. The newer commercial 
apparatus is controlled by resistance as well as by autotransformers. 
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which is of importance if one sometimes wishes to use gas-filled tubes 
and sometimes electron tubes. 

Thfe commercial X-ray outfits are built for voltages of from 30 to 
40 kv. upwards. For most purposes of X-ray spectroscopy, however, a 
maximum voltage of 30 kv. is sufficient. This voltage corresponds, 
according to the Einstein relation, to a minimum wave-length of about 
0*5 A.U., and, as the table of wave-lengths shows, this includes most of 
the spectrum lines. Hence, for spectroscopic purposes it is best to 
modify the apparatus somewhat. If no transformer with the proper 
transformation ratio is available, an ordinary induction coil may be used 
and driven with alternating current instead of direct current and inter¬ 
rupter. A mechanical rectifier is not at all necessary with electron tubes, 
but one may easily be improvised by fixing a disc on the axis of the 



no. 02. Mrclianical rectifier on the axis of the converter. 

alternating current generator, or by means of a synchronous motor. At 
these low voltages it is advisable to substitute for the spark gap—which 
does not interfere with the current at high voltages—some easily replace¬ 
able brushes, thereby making a continuous conducting connection between 
the different parts of the circuit. 

A complete outfit for the operation of electron tubes for X-ray 
spectroscopic work with maxima of 30 kv. and 200 milliamp. which was 
made from specifications of the author by the firm of Jarnh in Stockholm, 
is shown in Figs. 63 and 51. The direct current at 240 volts is changed 
over in the converter to alternating current, which, by controlling 
resistances and autotransformer, is supplied to the high tension trans¬ 
former. A disc on the motor axis acts as rectifier for the high voltage 
current. In the set there is also a transformer for supplying low voltage 
current to the filament. This transformer also receives its power from 
the same A.C. circuit, and is regulated by resistance and autotransformer. 
On the switchboard may be seen, in addition to the main switch (upper 
right), the three knobs for controlling the high voltage (two resistances 
and one autotransformer), and at the upper left the control for the 
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filament current. Three measuring instruments are also available, one for 
indicating the current in the main circuit, the second is a voltmeter 
which gives the voltage on the primary side of the high voltage trans¬ 
former, while the third, an ammeter, indicates the current in the filament 
circuit. 

We have described this complete outfit in detail, but, as already 
mentioned, one may manage very well with much simpler equipment. 
If alternating current is available, it may be connected through some 
regulating device, for simplicity a rheostat, to the primary of the indue- 



Fig. 03. Diagram of connections for the operation of a tube with hot < athoib*. 

I. Switch for primary alternating current. 

Jl. and lii. Fine and rough control rheostat in the primary A.t\ circuit. 

IV. Autotransformer in the same circuit. 

V. Voltmeter on the primary side of the high tension transformer. 

VI. and VII, Branch circuit from the A.C. line for the filament transformer. 

VIII. Autotransformer for control of the filament transformer. 

IX. Filament transformer. 

X. Sliding resistance for regulating the filament current. 

XI. Ammeter for the filament transformer. 

XTI. Ammeter in the "D.C. circuit leading to the rotary converter. 

XTII. Starting rheostat for the converter. 

tion coil, while the secondary winding may be attached directly to the 
electron tube. If the cathode is connected to earth, any source of direct- 
current may be used to heat the filament. 

If direct current is necessary for the experimental work in hand, it 
is best to employ a high tension equipment, such as that first described 
and used for X-ray spectroscopic work by Hull. Here, also, the high 
voltage current is furnished by a transformer, but as rectifiers we have 
two or four high vacuum tubes with hot cathodes, like the tubes which 
are now built for use in wireless telegraphy. 
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Fig. 04. Kuaotron rectifier with condenser? 
and inductances for smoothing out pulsations 
in the current, used by Hull. 


With the kenotrons alone such an arrangement delivers a pulsating 
high tension direct current. But if sufficiently large condensers and 
inductances are connected in the secondary circuit, the pulsations may 
be smoothed out to whatever degree desired. Since this smoothing out 
process is easier the more frequent the impulses, it is preferable to use 
alternating current having a fre¬ 
quency above the ordinary, e.g. 500 
or as high as 1000. The connections 
of such a system are shown in Fig. 64. 

A voltmeter connected to the 
primary coil of the transformer 
serves to indicate the voltage of the 
secondary, if the transformation ratio 
between primary and secondary is 
known. This method, however, gives 
only an approximation to the true 
value of the voltage. From the stand - 
point of X-ray spectroscopy it is 
generally more important to know the 
peak value than the effective value. 

This point may be made plainer by 
a consideration of Fig. 65, which represents the course of the high tension 
when a mechanical rectifier is used. The rectifier reverses every second 
half of the wave, and the intermittent contacts apply only the uppermost 
part of these waves to the tube. The result is that the tube is driven by 
jnilses of voltage, nearly uniform while they last and of approximately 

the same value as the peak voltage. In 
between these pulses are intervals of rest. 
^ A parallel spark gap is a convenient 

means for measuring this maximum 
voltage. The following table is a collection of data for the determina¬ 
tion of potential difference from the measurement of spark gap. The 
values for the sphere of 2 cm. diameter are given by Heydweiller, the 
others by the American Institute of Electrical Engineers. 

Greater accuracy in the measurement of voltage presupposes, of 
course, also a more definite and more nearly constant source of poten¬ 
tial than those mentioned above. If a source with approximately 
constant voltage is used, then the ordinary movable coil voltmeters are 
suitable, although for the higher voltages they must, of course, be in 
series with very high resistances. The use of these high resistances may 
be avoided by employing electrostatic voltmeters, which are placed on 
the market by various firms, such as Hartmann & Braun, Siemens & 
Halske, and others. Dauvillier, whose tube is driven by an outfit built 
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on the Hull principle, uses an Abraham-Villard high tension electrostatic 
voltmeter. 


TABLE 3. 

Spark gap (#) in mm. Voltage in kilovolts. 


Main, of 
sphere. 

‘J0 mm. 

0*2-5 mm. 

125 

mm. 

s in lmu. 


Oni; sphere, 
earthed. 

Both spheres 
insulated. 

One sphere 
earthed. 

Both spheres 
insulated. 

1 

4-7 

_ 

_ 

_ 

— 

2 

S-l 

— 

-- 

— 

— 

3 

11*4 

- 

- 


-- 

4 

14-4 

13-5 

— 

— 

— 

5 

17-4 

17*0 



— 

6 

20*4 

20-3 

-- 

— 

_ 

7 

23* 1 

23*5 

- - 

— 

— 

8 

26-1 

26*6 



— 

9 

28-8 

20-5 

-- 

— 

— 

10 

31-2 

32-3 

- 

— 

— 

11 

33-3 

34-9 

. 


— 

12 

35-4 

37*4 


— 

— 

13 

37-2 

30-8 

- 


— 

14 

38-7 

42*1 

— 

— 


15 

40-2 

44 

44 

44 

— 

20 

— 

50 

50 

59 

— 

25 


70 

71 

72 

_ 

30 

— 

70 

81 

85 

— 

35 

— 

86 | 

! 01 

07 

— 

40 

— 

02 i 

100 

100 ! 

— 

45 

— - 

08 

108 

110 

— 

50 

— 

103 

115 

120 

129 

55 

— 

108 

121 

140 

141 

60 


112 

126 

147 

151 

70 | 

— 

- ! 

— 

150 

168 

80 

— 

i 


170 

186 

00 

— 

— | 

— - 

181 

201 

100 

. 

— 


101 

214 

110 

— 

— 

: 

109 

226 

120 



— 

— 

| 237 

130 

— 

— 

— 

.... 

| 247 

140 | 

— 

; 


| 

! 258 

l 


18. High Vacuum Technique 

An especially important part of the technical equipment in spectro¬ 
scopic X-ray apparatus, unless commercial tubes are used, is the vacuum 
outfit. Thanks to the eminent contributions of Gaede and Langmuir, 
the methods of production of high vacua have advanced with enormous 
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strides during recent years. Which of the two types of pump is to be 
chosen, the rotating molecular pump, or the condensation pump, depends 
probably on particular conditions. The molecular pumps have the 
advantage that they work very neatly, and require no cooling. For an 
experimental physicist who is accustomed to handle delicate instru¬ 
ments the operation of the molecular pump offers no difficulty. How¬ 
ever, if molecular pumps are to be used for long intervals, it is certainly 
advisable to modify the Leybold type slightly. Oil cups must be placed 
inside the pump to collect the oil which slowly works in, so that it does 
not reach the revolving drum. Provision should be made for emptying 
these cups occasionally. If this is done these pumps may be kept in 
operation several hours a day for years without any difficulty. 

According to published accounts of the Hoi week pump, which is 
built on the same principle, it should be still better. Here the rotating 
drum is cylindrical, and the spaces are spiral furrows cut in the outer 
casing itself. A three phase motor is mounted directly on the axis, so 
that the armature itself is in the auxiliary vacuum. This pump has the 
advantage compared with the previous one that it requires only a rela¬ 
tively low preliminary vacuum. A point of very great importance is 
whether the pump can be cleaned readily or not, for in working with 
various materials on the anticathode it is not easy to prevent small 
particles from occasionally entering the pump. In this respect the 
Leybold pump is very convenient. 

For the connection of glass tubes to the molecular pumps, standard 
glass joints are used, ground to fit the metal cone on the pump. We may 
again call attention to the very important point that only the outer 
two-thirds of the joint should be greased, and that there should be no 
superfluous grease left inside the joint. On first evacuating the tube it is 
advisable, for the rapid removal of adhering gases and vapours, to admit 
air several times from the auxiliary vacuum, and meanwhile to send heavy 
discharges through the tube. 

The following table shows the pressures necessary in gas-filled tubes 
for three different degrees of hardness of X-rays. 

Pressure in 0*001 mm. of Hg. 


Hardness. 

Air. 

i Hydrogen. 

Helium. 

Oxygen, j 

i 

Carbon 

dioxide. 

A rgon 

Soft - 

11*6 

20*7 

38*0 

6-6 j 

7*4 

11*6 

Medium 

6*2 

! 11*2 

22-5 j 

4-8 

(VO 

6*6 

Hard - 

4*2 

6*8 

i 

! 11*0 

3-4 | 

3*6 

4*0 


The table shows that if the tube is to work well the pressure must be 

kept within rather narrow limits. One method of regulating the pressure 
s.e. v 
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is to attach a fine capillary tube to the X-ray tube, and to adjust the speed 
of the molecular pump until a stationary state is reached in which the 
pressure is of about the magnitude desired. A fine adjustable valve 
inserted in the connecting tube between the two pumps serves the same 
purpose, and in this case the speed of the molecular pump may also be 
varied. With a little practice, moreover, especially when using metal 
X-ray tubes, one may quite easily hold the vacuum to the proper degree 
by means of the high tension current itself (the speed of the pump being 
varied as required). When the tube begins to harden, simply release 
some absorbed gas from the walls of the tube by a sudden and powerful 
discharge until the desired degree of vacuum is reached. A very con¬ 
venient automatic arrangement for maintaining a constant hardness is 
that often employed in commercial tubes, namely, of sending a parallel 
discharge through the side tube provided with an auxiliary electrode and 
some material which gives off gas on the passage of a discharge. As- 
soon as the tube becomes too hard the parallel discharge takes place, 
and then is extinguished again as soon as sufficient gas is liberated. This- 
entire process is very little noticed, because it takes place constantly 
more or less by a silent discharge. 

Electron tubes demand a much higher vacuum, but on the other 
hand the pumps are quite capable of satisfying this requirement, and the 
higher the vacuum the better the tube performs. A metal tube soldered 
to a metal casing joint is best for connecting the pump to the metal 
X-ray tube. The author has found the so-called flexible tombac tubing 
manufactured by the Arms and Munitions Factory at Karlsruhe to be 
very satisfactory. Before beginning to use the tube it is necessary to see 
that it is carefully freed from all traces of soldering materials, etc. For 
this purpose it is well to send a current of steam through the tube, but 
afterwards it must be dried thoroughly. Warming the metal connecting 
tube while it is being pumped out the first time also expedites matters 
considerably. It is absolutely necessary that all soldered joints should 
be quite tight, and that there be no pores through the metal parts. Much 
time and labour can be saved by first testing with compressed air, the 
individual parts being immersed in water. In such a trial, however, the 
part to be tested must remain under water some time, at least half an 
hour, to allow time for the air to pass through a very small leak. 

With waxed seals we must obey the old rule and see that the parts to- 
be sealed, especially the metal parts, are hot enough to cause the wax to- 
run on them. It is best to warm the parts first and 44 paint ” them with 
the wax. The seal is then finished off with a minute flame. 

The Langmuir condensation pumps are now obtainable in various- 
forms, made of metal, quartz or glass. The initial cost is less than that 
of the molecular pumps, but when freezing traps are required the cost of 
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operation is probably higher. In many cases, of course, traps are not 
necessary with certain constructions of tubes or if the mercury vapour 
does not disturb the spectrographic work. Fig. 31 represents an apparatus 
in which a quartz condensation pump is used to evacuate a tube of the 
same material. 

19. Crystals used in X-ray Spectroscopy and the Values of their Lattice 

Constants 

The principal crystal lattices used up to the present are those of 
rocksalt, calcite, gypsum, mica, sugar, quartz, and occasionally potas¬ 
sium ferrocyanide and carborundum. Of these Bragg has ascertained the 
structure of rocksalt, and has determined the distance between its atoms. 
We are here most interested in the distance between planes which are 
parallel to a cleavage surface, since these are the surfaces always used in 
spectroscopy. The most accurate of the early determinations of these 
grating constants dates from Moseley, who found the value 2-814 x 10“ 8 cm. 
for rocksalt. 

According to Bragg’s measurements, the approximate relative 
intensities of the reflected beams in the first, second, third, fourth and 
fifth orders have the values 100, 20, 7, 3, and 1. Hence the first order 
reflection is the one generally used. The increase in resolution which 
should be obtained from photographs taken in higher orders is largely 
illusory in rocksalt, because the crystal imperfections, which are generally 
large in this substance, prevent sharpness of the lines. This characteristic 
of rocksalt, and the difficulty of determining the density accurately, are 
reasons why this crystal, formerly much employed in spectroscopy, is 
now no longer used in measurements requiring a high degree of accuracy. 

Calcite possessesabout the same dispersive power as rock salt, and good 
samples of the crystal are much more easily obtained. In order to reach 
the best possible agreement in wave-length measurements made with 
rocksalt on the one hand and with calcite on the other, the author has 
carried out an accurate measurement of the grating space of calcite on 
the basis of that of rocksalt. Three different wave-lengths from the 
spectra of the elements indicated in the table were used, and the reflection 
angles compared for the two crystals. The results of this determination 
are as follows : 


Element. 

Ain X.U. 

log 'Id. 

d in X.U. 

Cu 

1537 

\ 

0-7823339 

3029-03 

Fe 

1932 

0-7823386 

3029-07 

Sn 

3593 

0-7823327 

3029-02 
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In calculating 2 d the value of d for rocksalt was taken as 2*81400 and 
log 2d =0*7503541. Thus the mean value of 2d above is found to be 

log 2d =0*7823347, 

d = 3029*04 xlO" 11 cm. 


On the other hand, we might calculate the grating constant of calcite 
directly from primary measurements as Bragg did in the case of rocksalt. 
This has been done by several writers. Uhler and Cooksey, who made a 
very accurate measurement of the K spectrum of gallium, using both 
rocksalt and calcite, calculated their wave-lengths on the basis of the 


value 


d = 3030*7 X.U. 


for calcite. 


To calculate the grating constant we have the formula 



10 MeE\* 
2pVffc) * 


M — molecular weight of CaCO ;i - - - 100-075 

p — density of calcite ----- 2-7125 ±0*0015 

E — electrochemical equivalent of silver - - 0-00111827 

V = volume of a rhoinbohedron of calcite 
having the distance unity between 
cleavage faces ----- 1-0963 : fc0-0007 

e = charge of an electron - (4-774^0-005) x 10~ 10 

jS — atomic weight of silver - - - 107-88 

c —velocity of light ----- 2-9986 x 10 10 


Calculating from the above fundamental values, we obtain 
d =3028*3 ±2*2 X.U., 


which agrees within the rather large limits of error with the previous 
value obtained by comparison with rocksalt. It is to be noted, however, 
that with the most recent spectrographs the accuracy of the measure¬ 
ment of the angle of reflection is greater than that attainable in the 
calculation of d. Therefore, unless we wish to renounce this greater 
accuracy, we must fix on a value of the grating constant within the above 
limits of error, and use this value as a basis for the calculation of wave¬ 
lengths. Since the great majority of wave-lengths have been calculated, 
using the value log 2d =0*7823347, this value will be accepted in this 
book unless otherwise stated. We have already given a full discussion 
of a serious difficulty, which until quite recently was disregarded, namely, 
the discrepancy in the fundamental Bragg equation. 

From measurements of the Pd AT-radiation, Bragg found the following 
values for the intensities of the beams reflected from a cleavage surface 
of calcite in the first four orders : 100, 20, 20, 9. 
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Even though the thermal coefficient of expansion of calcite is quite 
small, it must be taken into account in the most accurate measurements. 
The coefficient of expansion at right angles to the cleavage plane is 
0-0000104. If we accept the above value of d as correct at 18° C., at 
other temperatures we have to use the values of log 2 d from the following 
table : 


Grating Constant of Calcite. 


<4,0 -3029 04; log 2 dw =0-7823347 



d 

log 2u 

| j 

d 

log 2^. 

17° 

3029*01 

0*7823305 

19° 

3029*07 

0-7823389 

16° 

3028*98 

0-7823263 

20° 

3029*10 

0*7823431 

15° 

3028*95 

0-7823221 

21° 

3029*13 

0*7823473 

14° 

3028*92 

0-7823179 

22° 

3029*16 

i 

0*7823515 


The two crystal lattices, rocksalt and calcite, with their relatively 
small grating constants, are suitable for the shorter waves. With an 
angle of reflection of 60°, which is, as a rule, practically as large an angle 
as may be used, we would be able to reach, as the greatest wave-length 
possible with these crystals : 

for rocksalt 4*87 A, 
for calcite 5*25 A. 

For greater wave-lengths crystals with greater atomic distances must 
be used. The following crystals offer a good gradation of constants : quartz 
(prism face), gypsum (cleavage face), and sugar (100 face). The values 
of the grating constants for these three crystals as well as for several 
others used in spectroscopy are contained in the following table : 


Crystal. 

Surface. 

d In A. 

log 2d. 

Author. 

Quartz - 

Prism face 

4*247 

0*92908 

Siegbahn and Dolejsek 

Gypsum 

Cleavage face 

7*578 

1*18056 

Hjalmar 

Sugar - 

(100) 

10*57 

1*32512 

Stcnstroin 

K 4 FeCN 6 - 

(100) 

8*454 

1*22809 

Moseley 

K 4 FeCN 6 - 

(100) 

8*408 

1*22572 

Siogbalin 

Carborundum 

(111) 

2*49 

0*6975 

Owen 

Mica 

Cleavage face 

9*93 

1*29823 

A. Larsson 
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EMISSION SPECTRA 

20. General Survey of Emission Spectra 

We have already discussed the discoveries of Barkla, and stated that he 
was able to demonstrate that when substances are exposed to X-rays 
they send out a secondary radiation which is characteristic of the element 
concerned. Barkla found two types of such radiation, which he named 
the K and L radiations, and which he found to differ greatly in their 
hardness for any given element, the K series being the harder. Each of 
these series seemed to be homogeneous when tested by its absorption 
coefficient, which was the method in use at that time. 

Kaye showed that the characteristic radiation is preserved when the 
element in question is made the anticathode in the X-ray tube, and, since 
a much greater intensity may be obtained in this way, the method is 
used almost exclusively for the production of characteristic radiation. 
Barkla’s method, that of secondary radiation, may, however, be used in 
spectrographic work, as demonstrated by the beautiful experiments of 
de Broglie. 

After the interference method had been proved to be applicable to 
analysis and wave-length determinations, a closer study of these char¬ 
acteristic radiations was at once undertaken. Using his ionization 
spectrometer, Bragg thus investigated the characteristic radiations from 
Pt, Os, Ir, Pd and Rh, and found that they are not so simple as might be 
supposed from Barkla’s absorption measurements, but that they are 
separated into a number of sharp spectral lines. Moseley first systemati¬ 
cally investigated a series of successive elements in the periodic system, 
the elements from Ca to in. He employed the photographic method, 
and used potassium ferro-cyanide as the crystal. He photographed the 
spectrum in the second and third orders, and found for each element two 
spectral lines which he called a and /3 ; together they correspond to the 
K series of Barkla. The wave-lengths found by Moseley, and calculated 
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from the value 8*454 x 10 8 cm. for 2d, are recorded in the accompanying 
table. 


TABLE 4. 


Element. 

Line. 

A . 11)8 cm. from 
2. Order. 

A . 10* cm. from 
3. Order. 

J:- 

4*'.i 


Ca 

a 

3-357 

3-368 

19-00 

20 

ft 

3085 

3-094 



Sc 

— 

— 


— 

21 

Ti 

a 

2-766 

2-758 

20-99 

22 

ft 

2-528 

2-524 



Va 

« 

2-521 

2-519 

21-96 

23 

ft 

2-302 

2-297 



Cr 

a 

ft 

2-295 

2-088 

2-301 

2-093 

22-98 

24 

Mn 

a 

2-117 

2-111 

23-99 

25 

ft 

1-923 

1-918 



Fe 

a 

ft 

1-945 

1-765 

1-946 

1-765 

j 24-99 

i 

26 

Co 

a 

1-794 

1-798 

26-00 

27 

ft 

1-635 

1-629 



Ni 

a | 

ft j 

1-664 

1-504 

! 

1-662 

1-506 

27-04 

28 

Cn | 

a 

ft 

1-548 

1-403 

1-549 

1-402 

28-01 

29 

I 

Zn 

a 

1-446 

1-445 

29-01 

30 

ft 

i 

1-306 

! 



Moseley's spectrum photographs are shown in Fig. 66. The most 
important result of this investigation is the remarkable fact that the 
spectra shift uniformly according to a very simple law when we pass 
from one element to the next in the periodic system. This may be seen 
from column five of the table which contains the square root of the 
frequency divided by a constant. In the last column the elements are 
numbered according to their order in the Mcndelejeff table, by calling 
H number 1, He 2, Li 3, and so on. The number proportional to the 
square root of the frequency is seen to be surprisingly close to the atomic 
number less one. 

In the same year (1913) came de Broglie's experiments on the elements 
Pt, W, Cu, etc., by the rotating crystal method and photographic 
registration. 

Development along this line then proceeded rapidly. Moseley 
extended his earlier systematic study of the K series to the L series also, 
and found that all the elements from Zr to Au were subject to relations 
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such as he had previously found for a portion of the K series. We shall 
return later to these laws. Maimer investigated the K series of the 
heavier elements, from Zr to Nd, and showed that the K spectrum con¬ 
sists of four lines. Friman and the author analysed the L series of the 
heaviest elements from gold to uranium, and showed that the L series 
for these elements has a very complicated line structure. Wagner 
obtained corresponding results with Pt, W, and Ta. In the case of 
the lightest elements new lines appear in the K series, as shown by the 
author in conjunction with Stenstrom. 

In January 1916 the author demonstrated the existence of a group 
of lines in the spectrum of the heaviest elements, which are still softer 

than the L series. In accordance 
with Barkla's notation these lines 
were called the M series ; it is of 
the same general character as the 
series previously known. Very 
recently certain lines have been 
discovered by Hjalmar, which may 
safely be ascribed to a still softer 
series, the N series. The results of 
an earlier investigation byDolejsek 
have not been entirely confirmed. 
(On this question see Hjalinar’s 
thesis for the doctorate.) 

From measurements of absorp¬ 
tion and of secondary rays Barkla, 
in 1916, believed he had found 
evidence of a harder series of lines 
than the K series, which from 
analogy with the others he denoted by J. This series, to which it is 
difficult to assign a place theoretically, has not been confirmed, in 
spite of the fact that methods much more sensitive than that of 
Barkla have been utilised in the search. Neither in emission nor 
in absorption has any further evidence of this series been observed. 
Among the negative results published concerning the J series we may 
mention that of Duane and Shimizu, who found no trace of it in the 
spectrum of aluminium. Hewlett and Richtmyer, by analysis of the 
spectrum, sought for an absorption discontinuity in this region, but with 
no positive result. The author and Windgardh also found no indication 
of an absorption discontinuity for magnesium in this region. Neither 
has the author been able to find the least trace of an emission spectrum in 
the wave-length region where, according to Barkla, the J radiation should 
be. The discontinuities in the absorption measurements found by 


->■ Increasing wave-length 



Fig. 66. K series of a succession of elements, 
from the llrsfc photographs of Moseley. 
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certain observers for a few elements are not very concordant in respect 
of wave-length, and are probably due to some other cause than the sup¬ 
posed J series. Since the J series would be expected chiefly in the case 
of the very light elements, it seems quite likely that these observed 
irregularities were due to small impurities of heavier elements, which 
w r ould cause a relatively strong absorption. 

Recapitulating, we may say that the X-ray spectra of the elements, 
in the wave-length region from about 0*1 A. to 13 A. may be divided. 

NO 7 Z 3 9 5 6 7 8 9 70 77 72 73 79 



Fig. 67. The strongest lines of the several X-ray series for every third element from 
No. 11 to No. 92. 

into four groups, which we call the AT, L , 71/, and N series. Each group 
is divided into a number of more or less sharp spectral lines. Between 
these groups lie regions which, so far as examinations up to the present 
show r , are quite devoid of lines. Further, photographs of the spectra of' 
adjacent elements show that each group retains its general appearance- 
with only small changes from element to element. A given line is 
merely displaced towards shorter wave-lengths when we pass from a 
lighter to a heavier element. 

Fig. 67 shows a general view r of the strongest lines of the several series 
for a number of elements. Quantitatively, we may call attention to 
tungsten ; for this element three series have been measured, the A",. 
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the £, and the M series. The wave-lengths of the N series of W are far 
too long to permit of their study with the crystals available at present. 
The wave-lengths of the K series of tungsten lie between the limits 178 
and 214 X.IT. ; then up to 1025 X.IT. there are no lines. There the 
L series begins and extends to 1675 X.U., after which there is another 
region free from lines. The first known M line of tungsten lies at 6066 
X.U., and the one of longest wave-length is situated*at 6973 X.U. 

In addition to the line spectra wdiich we have discussed, every sub¬ 
stance emits independently a continuous , or wdiite M radiation, whether 
it is excited to the emission of X-rays by cathode ray impacts, or whether 
it is caused to give off its characteristic radiation by exposure to primary 
X-rays as in Barkla’s method. The reproduction of Compton’s photo¬ 
graph in Fig. 57, taken with a Bragg spectrometer, shows how these two 
radiations stand to each other in intensity. It is at once evident that 
the principal part of the energy belongs to the continuous spectrum, and 
that the line spectrum is superposed upon it. Even when the intensity 
of certain lines is very great, the total intensity of this narrowly localized 
energy beam is still very small in comparison with the total energy, a 
fact w T hich is often overlooked in using secondary radiators as mono¬ 
chromatic sources. We shall return later to a more detailed description 
of the properties of the white radiation. 

It is readily seen that X-ray line spectra provide a very valuable 
implement for qualitative chemical analysis. The great simplicity of 
X-ray spectra in comparison with ordinary optical spectra, and the fact 
that they are quite uninfluenced by the chemical state of the atom emit¬ 
ting them, are essential points for this purpose. It may be recalled that 
X-ray analysis has already been successfully applied to prove the existence 
of a new chemical element, hafnium, the presence of which in zirconium 
minerals Bohr predicted from his theory of the atom. In such a case, an 
analytical test with the aid of X-ray spectroscopy may be carried out in 
an hour or two, whereas ordinary chemical methods would involve a long 
and laborious investigation. 

For chemical purposes, it should be of great interest to develop the 
analytical X-ray method into a quantitative process. As this question 
is very often raised, a few words may be said about it. 

If we use the most effective method of generating X-rays from the 
substance to be investigated, i.e. by bombardment with cathode rays in 
a vacuum, we can at once say that in general a quantitative analysis is 
not possible. Suppose we had some mercury, together with other 
elements which are not readily volatilized, then we should require very 
little experience in X-ray spectroscopy to know that the mercury-lines 
never possess an intensity proportional to the amount of mercury present. 
Thus it is clear that a quantitative analysis by means of the spectro- 
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grams is only possible if the different elements in the substance under 
examination are about equally volatilized under the action of cathode- 
ray bombardment. Moreover, the more purely chemical effects of the 
cathode-rays on the anticathode material must be taken into consideration 
in this connection. 

But there are also other important points to be considered. The 
potential on the tube has an important influence on the emission of the 
characteristic X-ray spectra, as shown in detail in the next section. A 
variation of the potential of ten produces a differential action on and 
strongly affects the relative intensities of the spectral lines emitted from 
the different elements on the anticathode. Only when the elements have 
about the same atomic number in the periodic table, and the potential 
is considerably higher than the minimum potential necessary to excite 
the characteristic rays of the elements, is quantitative estimation possible 
by comparison of the intensities of the spectral lines. 

In short, we conclude that, in general, a quantitative analysis is only 
possible for elements which withstand the cathode-ray bombardment in 
the same degree, and the atomic numbers of which differ but slightly. 

An interesting quantitative analysis in accordance with these general 
principles is afforded by the investigations of Coster and Hevesy on the 
hafnium-content of zirconium-minerals. These authors compared the 
spectra emitted by Ta (73) and Hf (72) mixed together on the anticathode, 
and determined the unknown percentage of Hf from the known percentage 
of Ta. 


21. Laws of Excitation of X-ray Spectra 


At quite an early date Barkla pointed out that to excite the charac¬ 
teristic radiation of an element by exposure to primary rays, the latter 


must be harder than the radiation to be ex¬ 
cited. In accordance with this result, Kaye, in 
1909, made a first attempt with the apparatus 
shown in Fig. 68 to show the dependence of 
the excitation on the velocity of the impinging 
cathode rays. A magnetic field deflected the 
cathode rays to a greater or lesser extent ac¬ 
cording to their velocity. By a proper choice 
of the strength of the magnetic field only 
electrons of a very definite velocity were allowed 
to strike the anticathode. The X-rays thus 
excited passed through a thin aluminium 
window and entered an ionization chamber. 

Whiddington settled this point definitely 
by the very skilful use of the apparatus 



Fig. 08. Apparatus of Kaye for 
bombarding the unticathode with 
cathode rays of definite velocity. 
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represented in Fig. 69, which may be seen to embody the same 
principle. He was able by this arrangement to show that a certain 
minimum velocity of the electrons striking on the anti cathode was 
necessary before the primary X-rays thus produced were able to excite 
characteristic radiation in the secondary radiator. Further, it was 
proved by Beatty that the same law holds for the direct excitation of 
characteristic radiation by primary cathode rays. The quantitative 
relations involved, however, are capable of much more definite expression 
in the light of more recent experimental results, so that we may here 
forego a further discussion of these experiments. 

The evidence essential for a better answer to these questions was 
afforded by X-ray spectrographs and Rontgen tubes with hot cathodes. 



Fig. 69. Whiddington’s apparatus for the production of X-rays by means of cathode rays of 

known velocity. 

These instruments were used by Webster in an experiment which very 
greatly clarified the problem. A Coolidge tube with a rhodium target 
was used to furnish characteristic radiation, and the voltage was obtained 
from a storage battery of 20,160 cells. By connecting up a larger or 
smaller number of cells, the electrons could be given any desired 
velocity according to the equation 

Imv* — e V, 

where m is the mass of an electron, e its charge, and v its velocity after 
falling through a difference of potential V . 

Webster’s spectrographic apparatus was an ionization spectrometer 
like that of Bragg. He placed the ionization chamber in the position 
corresponding to the strongest line of the K series of rhodium, the Ka x 
line, and ran the tube at constant voltage. He determined the ioniza¬ 
tion current for various tube voltages, and thus found a relation 
between the intensity of the radiation of the selected wave-length and the 
applied voltage, with the result shown in Fig. 70a. The significance of 
this curve is self-evident. At voltages below 23-2 kv. the ionization 
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chamber receives only the white radiation which falls in the neighbour¬ 
hood of this wave-length. At 23*2 kv. the characteristic radiation of 
rhodium suddenly begins and adds itself to the white radiation. By 
producing the straight portion of the curve which corresponds to the 
general radiation the characteristic radiation may easily be separated 
out on the graph. This is done in Fig. 70b for the two lines a and ft of 
the K series. From this figure we may draw the very important con¬ 
clusion that both lines of the K series appear at a certain critical value of 




the voltage , and that this critical value is the i same for both lines. A further 
investigation in this same direction leads to the following conclusion : 

The K group is excited in its entirety when a cert a/in critical value of 
the voltage is exceeded. 

A second conclusion from these experiments is that this value V of 
the voltage corresponds, according to the Einstein equation 

eY = hv, 

to a frequency v which, within the limits of error, coincides with the 
frequency of the line of shortest wave-length in the K series . 

A better view of these relations may be obtained from the curves of 
total intensity for different voltages shown in Fig. 70c. The curves 
correspond to three constant voltages, namely, 23*2, 31-8, and 40*0 kv. 
With the lowest voltage only the general radiation is seen with no indica¬ 
tion of the superposed line spectrum. But with the two higher voltages 
the lines of the K group of rhodium all appear together (and also as an 
impurity of the anode, the lines of ruthenium). 

A third result of these measurements is, according to Webster, that 
the ratio of the intensities of the two lines a and ft is constant, that is, 
independent of the voltage. In measuring the intensity of each com¬ 
ponent a x and a 2 are taken together, and in the same way ft x and ft 2 are 
reckoned together as ft. 
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Finally, as a fourth result of the measurements, Webster and Clark 
stated that the intensity I of the lines may be expressed as a function 
of the voltage V as follows : 

/=i(F-F 0 )* f 

where F 0 is the critical voltage of the group to which the line belongs. 

Results similar to these were found by Wooten, using Mo and N Pd as. 
anticathodes. Wooten found for the critical voltage of the K series of 

Mo 19*2 kv. and of Pd 
u 24*0 kv. We may com¬ 

pare with these the volt¬ 
ages calculated from the 
Einstein equation 

| _ eV = hv 

| Rh a, by substituting the values 

of e and h. Solving for 
F, we have 

T/ 12-345. 

I _§*. x ~ kv - ’ 

e 2! 

i g where A is the wave- 
i length in A. If we sub- 

| stitute 0*6194 for A in the 

! case of Mo, and 0-5102 

\\ Rnoc in the ease of Pd, these 

HI J\\ IF being the shortest wave- 

_ lengths of the K series- 

^ _ Jflx —^-JfOOkb f° r ^ ese elements, we 

—’ _obtain as the calculated 

“jo-- -yr -^5- 7 ©- -qoT -— voltages 19-5 and 23*7 kv., 

0J12A,U„0,387Au.. 0,531 AJ. Angle of refection values which agree well 

Fig. too. with the experimental 

ones given above. 

Wooten also investigated the intensity of the lines as a function of 
the voltage applied to the tube. If the intensity be plotted against the 
square of the potential on the tube, both the « and the fi curves are 
straight lines except in the vicinity of the minimum voltage necessary to 
produce the lines, where they are slightly bent. The intensity curve was- 
studied for voltages ranging from the minimum potential (19-2 kv. for Mo* 
and 24*0 kv. for Pd) up to 50 kv. Within this interval, with the exception 
of a small fraction of the curve at the beginning, the following equation 
holds : 

/ = c(F 2 - F 0 «). 


3° if- 0 5° 

Otft a". U.,,0,387 fa.. 0,531 A J. 


-- -W,0kl'/ 

_.IT— 31,8 ■■ 

Z3,Z n 

j -1_t 1 

6° 7° 8° 

Angle of reflection 
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While V 0 is a tension a little higher than the minimum potential, the 
value of V 0 is the same for both the a and the lines of the same element. 

Some recent measurements on this question have been performed by 
Kettmann, who used a photographic method for registering the intensity 
of the K series lines of the elements Cr, Cu, Ag and some L series lines 
belonging to La and Pb. In particular, Kettmann endeavoured to follow 
the intensity curve up to potentials many times greater than the minimum 
potential. The aforementioned measurements by Webster and by 
Wooten embraced an interval only up to twice the minimum potential. 
Kettmann in some cases determined the intensity up to 6 or 7 times 
the value of this potential. The first part of the curves—from V 0 to 2 F 0 — 
shows the same feature as those of Webster and of Wooten. But on further 
raising the potential the increase of the intensity is retarded, and at the 
highest potentials (about seven times the minimum potential) the 
intensity seems to approach asymptotically a limiting value. This 
fact is due to the absorption of the X-rays in the anticathode, from 
which the rays were emitted at nearly glancing angles. If the absorption 
in the anticathode is negligible the intensity is proportional to the square 
of the potential. 

Both Wooten and Kettmann compare their results with the theory 
of Bergen Davis, and find quite satisfactory agreement. 

The same results were found by Unnewehr, who investigated the 
characteristic radiation from Cr, Cu, Rh and Ag at tensions ranging from 
the minimum potential up to about 45 kv. The curves for Rh and Ag 
show good agreement with the formula of Davis, which has been given 
the form : 



/=rf-L( i -6-^ 

O’*- IV) _ ^ 

9 iv 

, k, 


where 

C-- 

= ^ • E a hv a 

B. 

A\ 


K 2 -■ 

t iC 

" b ■ 




E a =the fraction of the excited atoms emitting the a-line. 

2?= number of collisions between electrons and atoms per unit path 
of the electron. 

A"—number of electrons striking the anticathode per sec. 
b is the constant of the Thomson-Whiddington law : 

Vx — V 2 - bx. 

For Cu and Cr the experiments show small deviations from the 
formula. Unnewehr suggests that this may be due to absorption and 
re-emission of some parts of the continuous spectrum as characteristic 
radiation. Such an effect is not considered in the theory of Davis, but 
it may be of importance with lighter elements. 
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The results obtained for the characteristic radiation of certain elements 
in the K series are also valid in the L series, as appears from Webster and 
{.lark's measurements, as well as from those of Hoyt for platinum. 
Experiments show, however, that in the L region the lines fall into three 
sub-groups, to each one of which the four propositions stated above apply. 

By reasons of analogy, the fundamental aspects of which will be 
•discussed in detail under the systematic classification of Rontgen spectra, 
it may be concluded that the number of sub-groups in the M series is 
five, and in the N series in all probability seven. 

For reasons to be discussed later we must assume that the frequencies, 
which in the Einstein equation correspond to the exciting voltages of the 
various groups, are each actually a little greater than the frequency of 
the line of shortest wave-length in the group. 

For practical X-ray spectroscopy it is of interest to know for each 
element and each series of spectra the critical voltage necessary for excita¬ 
tion. Even though only a few of the smaller values of the critical voltage 
have been experimentally determined, it is nevertheless possible, from the 
above relation between voltage and line spectra, to calculate in advance 
the voltages concerned, by making use of spectral measurements. In 
the appendix is a table containing values of the minimum voltage for the 
sub-group of shortest wave-length in each of the series, the computations 
having been made from line spectra in the manner just described. 

22. The K Series 

In Figs. 38 and 06 on pages 52 and 88 we have reproduced a series 
of spectrograms from which the general character of this spectral scries 
may be seen. The K series consists almost throughout of four com¬ 
ponents, which we shall call a l9 a 2 , j3 1 and /3 2 (the last was called y by 
Moseley, Sommerfeld and others), whereby the lines are given in the 
order of decreasing intensity. The first two lie very near together, and 
hence are scarcely separated from each other in the diagrams. The 
difference in wave-length of the a components is nearly constant for all 
elements and is about 4 X.U. 

The ratio of the intensity of the a group to that of the /3 group was 
determined by Wooten to be 5*55 for Mo and 6*25 for Pd, while Owen 
found 1*90 for the latter element. Urinewehr has also measured the 
Ku 

intensity ratios, ^, of these two groups for four elements, and found the 
following corrected values : 


24 O - 

- 

- 

- 

- 7*36 

29 Cu - 

. 

- 

- 

- 6*53 

45 Rh - 

- 

- 

- 

- 4-75 

47 Ag - 

- 

- 

- 

- 4*65 
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Duane and Stenstrom made a closer study of the relative intensities of 
the lines of the K series of tungsten by the same method, using a Bragg 
spectrometer. In the case of tungsten these investigators also discovered 
a fifth component in the K series, which they called a 3 . Indicating the 
intensity of the strongest line by 100, these authors found the following 
relative values : 

Line - - - a 3 a 2 a* fa 

Intensity 4 50 100 35 15 

In the same way Duane and Patterson arrived at the following relative 
intensities for Mo : 

= 1*93 in the 2nd order, 

a* 

=6*3 in the 1st order, 
ft 2 

=5*5 in the 2nd order. 

Zacek and the author, in an investigation by the photographic method, 
and using a photometric method of comparison, obtained similar results 
for the relatively long wave-lengths of the K series of Cu, Zn, and Fe. 
The intensities are given in the following table, and are expressed in terms 
of Uj -=100. The intensities of a 2 and fa in this table were obtained from 
different spectrograms, and by two photometric methods of comparison. 


Cu 

| Zn 

j 

| Fe 

«2 

ft 

«2 

i 

0i 

rto 

48 

24 

59 

29 

51 

48 

24 

53 


j 47 

50 

28 

51 


52 

55 


47 ! 


50 

56 


46 | 


5i 

49 


47 


I 49 

51 


50 


49 

51 


47 



52 





52 





Mean 51*2 

25 

50*0 

29 

49*9 


From these results its appears that the ratio of the intensities of the 
two a components for elements so far apart in the periodic system as W, 
Mo, and Cu, Zn, and Fe remains constant and has the approximate 
value of 2 to 1. It is certain that the fi 2 line is relatively much 
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weaker in the case of the last three elements. It would also appear, 
so far as can be judged from the above scanty data, that the fi x line 
is slightly reduced in intensity. 

Whilst in the case of elements whose atomic number is higher than 
that of Zn (30), the K series has the line structure shown in Fig. 71a, a 
study of the long wave-length region, such as has been 
fit Pi made in the author's laboratory, reveals quite a different 

appearance in this series. Fig. 71b is a diagram prepared 
by Hjalmar, which represents the spectrum for the lightest 
elements. Wentzel offers very convincing arguments indi- 

1 'iu 71a eating that these additional lines are due to multiple ioniza¬ 
tion of the atom, and thus are related to the ordinary lines as 
the spark lines are to the arc lines in optical spectra. These lines are hence 
sometimes referred to as “spark lines.” Corresponding lines have been 
revealed more recently in the other series, and these will be discussed later. 

In the case of the heavier elements isolated lines have also been found 
which fall outside the simple scheme of lines in Fig. 71A ; as an example, 

P 3 « e a 5 a 4 *s a i' a i“* 



we may mention the a 3 line of tungsten discovered by Duane and 
Stenstrom. Furthermore, de Broglie was able to show that the line 
of tungsten and rhodium is resolved by greater dispersion into two 
components. He found a wave-length difference between the two 
components of 0*7 X.U. for W and 0-6 X.U. for Rh. The intensity of 
the component /? 3 on the long wave-length side is considerably less 
than that of the other. Duane and Patterson measured the /3 3 line 
for Mo and found its separation from the /3 X line to be 0*9 X.U. These 
lines are probably not to be considered as spark lines. At least for the 
first one, another explanation seems more probable if we assume a 
violation of the generally valid selection rule, and it also agrees well in 
its quantitative aspects, as Duane has shown. Crofutt, who has made 
a careful examination of the tungsten spectrum, gives for the separation 
# 3-/^1 9-89 X.U. He did not succeed in finding the line a 3 . In the 
classification of spectra we shall return to this point. 

Concerning the appearance of the spectrum lines it may be stated 
that with the heavier elements the lines are everywhere sharp, and as a 
rule do not exceed in breadth what is to be expected from the width of 
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slit used. As we pass to the lighter elements, however, we observe 
a broadening of the lines which indicates a fine structure. The photo¬ 
metric curves published by Hjalmar give an idea of this structure for a 
number of the lighter elements. 

Until recently no influence of the state of chemical combination of the 
atom upon the emission lines in X-ray spectra had been found, in spite of 
many attempts to detect such an influence. But recently Lindh and 
Lundquist have given evidence of such an effect, and precisely for those 
elements with which the absorption-spectra show a dependence on the 


3ix 



Fig. 71c. Tho /3-lines, A r -series, of Sulphur from Ag 2 S on different anticathodes. 


chemical state, namely, for the elements P, 8 and Cl. It is the lines 
belonging to the K-ft-group which show the effect. Lindh and Lundquist 
have studied many different salts containing atoms of these three 
elements, using different materials for the anticathode. 

The difficult} 7, in such investigations is to know which substance is 
really emitting the spectrum, as the cathode ray bombardment and the 
consequent heating effects may cause a transformation of the salt placed 
on the anticathode. It is known that the cathode rays in many cases 
have a strong reducing action on the salts bombarded. 

But, in every case, the investigations of Lindh and Lundquist seem 
to show definitely that slightly different spectra are obtained with 
variation of the state of chemical combination. 
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The general characteristics of the phenomenon are as follows : with 
some salts two different lines are found, and these we m&y denote by 
P 1 and ft x , of which f3 x has the greater wave-length. With very few 
exceptions this is the more intense line. With other salts these two lines 
apparently coalesce and give a diffuse and somewhat broader line, denoted 

by P 1X . 

In exceptional cases the intensity-relation is modified so that ft x has 
a greater intensity than p 1 (the line of longer wave-length). This is 
the case with Ag 2 S on different anticathodes, as shown in Fig. 71c. 

In some cases small variations in the wave-lengths of the lines have 
also been detected, but for the majority of the salts the wave-lengths 
remain the same. 

In cases where the lines do not appear to differ from each other by 
more than the error of measurement, the mean values of the wave-lengths 
(in X.U.) are given in the following tables. 

Sulphur /2-Lines. 


Substance on an anticathode of Cn. 


^=5021-1 f S (rhomb.), CitS; SnS 2 , P 4 S.,; 

#, = 5012-8 \ CuS0 4> ZnS0 4 , SnS0 4 , Fe 2 (S0 4 ) 3 ; PbS0 4 , Ag 2 S0 4 . 


/3 1X = 5017-8 - Or 2 S 3 , ZnS, PbS, CdS, FeS, CdSC 4 . 


Substance on an antieatliodc of \1. 


A 

& 


5021-1 \ 
5012-8 > 


CuS, CuS0 4 . 


^=5017-8 | 


S (rhomb.), ZnS, FeS, SnS 2 , CdS, A1 2 S 3 , ZnS0 4 , 
Fe 2 (SQ 4 ) 3 , SnS0 4 , CdSC 4 . 


Substance on an anticathode of Ke. 


fcSs } CuS °.- 

a kai 7 .q ( S (rhomb.); Ag 2 S, ZnS, FeS, SnS 2 , CdS, Ag 2 SO. 

ft._B0l7 8 V ZnS0 4 , Fe 2 (S0 4 ) 3 , CdS0 4 . 
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Sulphur ft -Lines. 


Substance. 

Line. 

| Anticathode. 

Cu. 

Ke. 

Al. 


Pi 

5021-0»* 


6023-6 

Ag 2 S 

ftix 


5017-8 



fl* 

5013*4 


5016-0i* 


fir 

5020-9 



Ag 2 S0 4 

fir* 


5018*1 

5015*1 


fix 

5012*7 




Phosphorus /3-Lines. 


Anticathode Cu. 


Red Phosphorus 





ft 

- 5789*0 

A 

5779*5 

Cu phosphide - 

- 

- 

- 

- 

- 5790*9 

5778*7 


A* 

Phosphates of Ca, Mg, Cu, Zn, Fe (ferrous and 

ferric). 5787*1 


Chlorine /3-Lines. 


Anti cathode Cu. 

/?, = 4394-2 
&= 4390-6 

\ NaCl, NaC10 s , KC1, SrCl 2 , 

J CaCl 2 , BaCL„ Ba(C10 3 ) 2 . 

/J 1 =4394-75 
/3 X = 4388-4 

) CuCl 2 . 

Pr*= 4393-2 

j Li Cl, FeCl 2 , ZnCl 2 , 

\ CdCl 2 , SnCl 2 , PbCl a . 


*The letter i following the wave-length inchoates the more intense of the 

two lines. 
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In the law of Moseley already 
referred to we have a sure 
means of identifying associated 
lines in the spectra of different 
elements. For the four principal 
lines of the K series the simi¬ 
larity is so pronounced that 
no doubt can arise as to their 
identification, but for the 
fainter lines the law is quite 
useful, white in the other more 
complicated series its applica¬ 
tion becomes simply indis¬ 
pensable. According to our 
present conception of the struc¬ 
ture of the atom, the essence 
of the law of Moseley is that 
the atomic number represents 
the positive nuclear charge of 



LYVV.V-«Mf;i gar£& 

1 Go So Hr Sr Zr Mo Rh Ag In Sb l Cs La Pr £u To Mo Tul 7a Ir 
Fig. 72. for the K lines as a function of the atomic number of the elements. 
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the atom, and as such it is the primary factor in determining the 
frequency of the X-ray spectra. 

In the table of Moseley’s original measurements on the K series 
which will be found on page 87, it was shown that, for a number of 


elements, the expression yj ^ , in which v is the frequency determined 

experimentally, and r 0 is a constant, is surprisingly near to the atomic 
number, less 1. An extension of this law to other related lines asserts 
that to a very close degree of approximation the square root of the frequeue}/ 
is a linear f unction of the atomic number. 

How well this law is fulfilled appears from Fig. 72, which is plotted 
from data taken in the author’s laboratory. The curves are very slightly 
concave upward. With the help of this law we are able to arrange all 
the lines in series, as has been done in the following tables. 

On account of their great historical interest let us first repeat here the 
wave-lengths in the K series as determined by Moseley. In order to judge 
them in their proper light, it must be stated that in his calculation of 
wave-lengths Moseley used a value for the lattice constant of his potassium 
ferrocyanide crystal which is not in good agreement with the accepted 
value of the constant for rocksalt, but is some 0*54 per cent, too large. 
Further, the spectrograms did not permit of a resolution of the two a 
components, so that the tabulated values represent an average of these 
two lines. On the contrary, we may assume that the [3 values are not 
affected by the /i 2 component, which is faint and farther away. 


TABLE 5. 

Moseley’s measurements of wave-lengths (in X.U.) of the 
K series (1913). 



Ka. 

K$. 


Ka. 

Kfi. 

13 A1 

8364 

1 

7912 ! 

28 Ni 

1662 

1506 

14 Si 

7142 

6729 | 

29 Cu 

1549 

1402 

17 Cl 

| 4750 

— 

30 Zn 

1445 

1306 

19 K 

3759 

3463 

39 Y 

838 

— 

20 Ca 

3368 

3094 

40 Zr 

794 

— 

22 Ti 

2758 

2524 

41 Nb 

750 

— 

23 Va 

2519 

2297 

42 Mo 

721 

— 

24 Cr 

2301 

2093 

44 Ru 

638 

— 

25 Mn 

2111 

1918 

46 Pd 

584 

— 

26 Fe 

1946 

1765 

47 Ag 

560 

— 

27 Co 

1798 

1629 
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In Table 6 are tabulated measurements of the K series of several 
elements, particularly W and Pt, which are used as material for anti- 
cathodes in commercial tubes ; a single measurement for gallium by 
Uhler and Cooksey is also included. In the work on this last element 
the authors used the lattice constants 3*0307 x 10~ 8 cm. for calcite, and 
2*814 x 10~ 8 for rocksalt, taking photographs with both crystals. In the 
remainder of the calculations the same value was used for rocksalt, but 
for calcite the slightly different value 3*02904 x 10~ 8 cm. 


TABLE 6. 


Element. 

a ; j 

a.. 

«i 

01 

02 

Measured by 

31 Ga 


1341-61 

1337-85 

1205-91 


Uhler-Cooksey 

42 Mo 


712-35 

708-06 

631-31 

619-9 

Duane et al. 

42 Mo 


713-1 

708-1 

632-4 

621-4 

Overn 

44 Ru 


645-4 

641-0 

570-5 

559-3 

Auger and Dauvillier 

45 Rh 


616-56 

612-30 

545-45 

534-4 

Overn 

74 W 


203 

177 


de Broglie (1916) 

74 W 


218 

214 

192 


Hull and Rice 

74 W 


212-8 

205-3 

182-6 

176-8 

Le. and Dau. 

74 W 


212-4 

207-6 

183-4 

178-4 

Dersliem 

74 W 


213-52 

208-85 

184-36 

179-40 

Siegbalm 

74 W 

215 

213-48 

208-67 

184-26 

179-07 

Du.-St. 

77 Ir 


195-8 


168-4 


Li.-So 

78 Pt 



185-3 


159-3 

Li.-Se. 

78 Pt 


186 

180 

158 

154 

Le.-Dau. 

78 Pt 


189-8 

185-0 

163-4 

157-4 

de Broglie 

78 Pt 


190-10 

185-28 

163-4 

158-2 

Tandberg 

78 Pt 


189-5 

185-1 

164-4 

159-6 

Rogers 

92 U 


154 

104 


Dessaucr and Back 


Abbreviations: Le, and Dau.=Ledoiix-Lebard and Dauvillier; Du.-St. 
=Duane and Stenstrom ; Li.-Se.=Lilienfeld and Seeman. 


Finally, in Table 7 we have as complete a list as possible of wave¬ 
lengths in the K series from the most recent measurements in the author’s 
laboratory. The measurements are mostly the work of Hjalmar, Leide, 
Stenstrom, Stensson, Maimer, Friman, and Dolejsek. The wave-lengths 

are followed also by tables of the values of and of (R = 109,737, 

the Rydberg constant.) M \R 
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TABLE 7. 

Wave-lengths of the K series. Emission. 




a i 

£i 

02 

11 Na 

1188; 

3*6 

11591 

_ . 

12 Mg 

9867*75 

9534*5 

— 

13 A1 

8319*40 

7940*5 

- - 

14 Si 

7109*17 

6739*3 

— 

15 P 

6141*71 

5789*0 

— 

16 S 

5363*75 

5360-90 

5021*3 

— 

17 Cl 

4721*36 

4718-21 

4394*6 


19 K 

3737-05 

3733*68 

3446*80 

— 

20 Ca 

3354-95 

3351*69 

3083*43 

— 

21 Sc 

3028*40 

3025*03 

2773*94 

— 

22 Ti 

2746*81 

2743*17 

2508*98 

2493*7 

23 Va 

2502*13 

2498*35 

2279*72 

2264*6 

24 Cr 

2288*95 

2284*84 

2080*45 

2067*0 

25 Mn 

— 

2097-32 

1905*91 

1893-2 

26 Fe 

1936*51 

1932*30 

1752-72, 

1740*6 

27 Co 

1789*56 

1785*28 

1617*13 

1605-4 

28 Ni 

1658-54 

1654*61 

1497*03 

1485*4 

29 Cu 

1541*16 

1537*30 

1389*33 

1378*0 

30 Zn 

1435*87 

1432-06 

1292-71 

1281*11 

31 Ga 

— 

— 

— 

— 

32 Go 

1255-21 

1251*30 

1126*46 

1114*41 

33 As 

1177*43 

1173*44 

1055*11 

— 

34 So 

1106*42 

1102*41 

990*00 

977*44 

35 Br 

1041*72 

1037*68 

930*73 

918*22 

37 Rb 

927*73 

923*61 

826*73 

814*62 

38 Sr 

877*45 

873-28 

781*06 

768*74 

39 Y 

831*21 

827*03 

739*02 

726*77 

40 Zr 

788*27 

784*06 

699*98 

688*08 

41 Nl> 

748*79 

744*54 

663*98 

652*37 

42 Mo 

711*87 

707*59 

630*75 

619*27 

44 Ru 

645*88 

j 641*54 

— 

— 

45 Rh 

616*37 

612*01 

544*67 

534*37 

46 Pd 

588*60 

584*21 

519*48 

508*94 

47 Ag 

562*59 

558*16 

495*85 

485*42 

48 Cd 

538*32 

533*89 

474*09 

463*96 

49 In 

515*48 

511*05 

453*63 

443*98 

50 Sn 

493*88 

489*41 

434*25 

424*72 

51 Sb 

473*84 

469*29 

416*16 

406*81 

52 Te 

454*91 

450*37 

398*92 

389*88 

74 W 

213*52 

208*85 

184*36 

179*40 

77 Ir 

195*8 

— 

168*4 

— 

78 Pt 

190*10 

185*28 

163*4 

158*2 
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TABLE 8. 

V 

Values of A in the K series ; fainter emission lines by Dolejsek 

V 

and by Dolejsek and Siegbalin. 



a" 

a' 

- 1 *' ___ 


fl' 

15 P 

. . _ 




5820-2 

— 

16 S 

— 

— 

— 


5044-7 

... 

17 Cl 

4712 

4702-5 

4688 

4684 

4406-0 


19 K 

3730 

. . 

3711-0 

3708-8 

•— 

- 

20 Ca 

3349 

-- 

3332-3 

3330-0 


3091-1 

21 Sc 

3023 

— 

3006 

—- 

2799-2 

22 Ti 

— 


2726-9 

- - 

— 

23 Va 

-- 


2484-6 

| 

— 

24 Cr 

— 

j 

227 

1-3 


2085-7 

25 Mn 

— 

| 

2087-9 


1910-5 

26 Fo 

- 

—- 

1923-3 

— 

1756-0 

27 Co 

— 


1777-4 


1619-7 

28 Ni 

— 

— 

164 

7-6 


1499-0 

29 Cu 

— - 

■ - ; 

1530-7 

— 

- - 

30 Zn 

•— 

- | 

1428-8 

— 

— 


TABLE 9. 

Values of A in the Iv series ; fainter emission lines by Hjalmar. 



of 

tt ;j 

*4 


( h 

03 

0' 

few 

0" 

11 Na 

11835 

11802 

11781 


X 


— 

__ 

_ 

12 Mg 

9826-5 

9799*4 

9786-2 

9730-2 

9711-8 

9647 

X 

.— 

— 

13 A1 

8285-6 

8264-6 

8253-0 

8205-8 

8189-2 

8025 

X 

— 

— 

14 Si 

7083 

7063-8 

7053-7 

7014 

7003 

6793-3 

6744-2 

— 

— 

15 P 

X 

6102-2 

6095-0 

— 

— 

5820-4 

X 

_ i 

— 

16 S 

5340-6 

5329-37 

5323-25 

5262-6 

— 

5047 

5045-0 

5012-7 

—. 

17 Cl 


— 

- 

; 

— 

— 

— 

— 

4390-8 

19 K 

3718-7 

3708-83 I 

. 

— 

—- 

— 

3434-6 

3442-5 

20 Ca 


— 

- 


— 

— 

— 

3067-4 

3079-6 

21 Sc 


— 

- 

.— 

— 

— 

— 

2755-5 

— 

22 Ti 



- 

— 

— 

— 

2515-1 

2493-7 

— 

23 Va 


— 

- 

■ 

—- 

— 

2285-3 

2265-4 

— 











THE K SERIES 


107 


TABLE 10. 


Values of ,,, K series. 

Jx 


Emission. 



a 2 

O-l 

ft 

11 Na 

1 

76-68 

78-62 

12 Mg 

92-34 

95-57 

13 A1 

109-53 

114-76 

14 Si 

128-18 

135-21 

15 P 

148-37 

157-41 

16 S 

169-89 

169-98 

181-48 

17 Cl 

193-01 

193-14 

207-36 

19 K 

243-84 

244-07 

264-38 

20 Ca 

271-61 

271-88 

295-51 

21 8c 

300-90 

301-24 

328-51 

22 Ti 

331-75 

332-20 

363-20 

23 Va 

364-19 

364-75 

399-72 

24 Cr 

398-11 

398-83 

438-00 

25 Mn 

— 

434-49 

478-13 

26 Fe 

470-56 

471-60 

519-90 

27 Co 

509-20 

510-44 

563-51 

28 Ni 

549-42 

550-75 

608-72 

29 Cu 

591-27 

592-75 

655*91 

30 Zn 

634-63 

636-34 

704-93 

32 Ge 

726-55 

728-24 

808-94 

33 As 

773-94 

776-56 

863-65 

34 Se 

823-60 

826-59 

920-45 

35 Br 

874*75 

878-15 

979*07 

37 Rb 

982-23 

986-61 

1102-2 

38 Sr 

1038-5 

1043-5 

1166-7 

39 Y 

1096-3 

1101-8 

1233-1 

40 Zr 

1156-0 

1162-2 

1301-7 

41 Nb 

1216-9 

1223-9 

1372-4 

42 Mo 

1280-1 

1287-8 

1444-7 

44 Ru 

1410-9 

1420-4 

— 

45 Rh 

1478-4 

1488-9 

1673-0 

46 Pd 

1548-2 

1559-8 

1754-2 

47 Ag 

1619-7 

1632-6 

1837-7 

48 Cd 

! 1692-7 

1706-8 

1922-1 

49 In 

1767-8 

1783-1 

2008-8 

50 Sn 

1845-0 

1861-9 

2098-5 

51 Sb 

1923-7 

1941-7 

2189-7 

52 Te 

2003-1 

2023-3 

2284-3 

74 W 

4267-8 

4363-3 

4942-9 

77 Ir 

4654 

— 

5411 

78 Pt 

4793 

4918 

5577 


365-42 

402-40 

440-86 

481-34 

523-54 

567-63 

613-48 

661-30 

711-31 

819-58 

932-28 

992-40 

1118-6 

1185-4 

1253-8 

1324-4 

1396-8 

1471-5 

1705-3 

1790-3 

1877-2 

1964-1 

2052-4 

2145-5 

2240-0 

2337-2 

5079-5 

5760 
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TABLE 11. 


Values of 



A" series. 


Emission. 



a-< 

«i 

ft 

ft 

11 Na 

8 * 

757 

8*867 

__ 

12 Mg 

9*609 

9*776 

— 

13 A1 

10*465 

10*712 

— 

14 Si 

11*321 

11*627 

— 

15 P 

12*176 

12*546 

— 

16 8 

13*034 

’ 13*037 

13*470 

— 

17 Cl 

13-893 

13*897 

14*400 

— 

19 K 

15*616 

15*623 

16*259 


20 Ca 

16*481 

16*488 

17*191 

— 

21 Sc 

17*346 

17-356 

18*126 

— 

22 Ti 

18*214 

18*226 

19*057 

— 

23 Va 

19*084 

19*097 

19*993 

20-06 

24 Or 

19*953 

19*970 

20*929 

21*00 

25 Mn 

— 

20*844 

21*866 

21-94 

26 Fe 

21*692 

21*716 

22*801 

22-88 

27 Co 

22-566 

22*593 

23*738 

23*82 

28 Ni 

23-440 

1 23*467 

24*672 

24*77 

29 Cu 

24*316 

24*347 

25*610 

25*72 

30 Zn 

25*192 

25*225 

26-55 

26*671 

32 Ge 

26*955 

26-986 

28*442 

28*628 

33 As 

27*820 

27-867 

29*388 

1 — 

34 So 

28-698 

28*750 

30*339 

30*533 

35 Br 

29*576 

29*633 

31*291 

31*502 

37 Rb 

31*340 

31-410 

33*200 

33*446 

38 Sr 

32*226 

32*303 

34*156 

34*429 

39 Y 

33*110 

33*193 

35*115 

35*409 

40 Zr 

34*000 

34-091 

36*079 

36*392 

41 Nb 

34*885 

34*984 

37*046 

37-375 

42 Mo 

35*778 

35*886 

38*009 

38*360 

44 Ru 

37*561 

37*688 

— 

.— 

45 Eh 

38*450 

38*587 

40*902 

41*295 

46 Pd 

39*347 

39*494 

41*883 

42*311 

47 Ag 

40*246 

40*405 

42*869 

43*322 

48 Cd 

41*142 

41*314 

43*841 

44*318 

49 In 

42*045 

42*227 

44*819 

45*304 

50 Sn 

42*954 

43*149 

45*809 

46*320 

51 Sb 

43*852 

44*065 

46*794 

47*328 

52 T© 

44*756 

44*982 

47*794 

48*345 

74 W 

66*074 

65*327 

70*304 

71*270 

77 Ir 

— 

68*21 

73*561 

_ 

78 Pt 

70*13 

69*23 

74*68 

75*89 
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23. The L Series 

The general structure of the L series may be seen from Pig. 39, page 53. 
For the heavier elements three groups of lines may be distinguished, and 
the author has chosen the notation so that these groups are denoted by a, 
ft, and y ; a denotes the group of longest wave-length, ft the intermediate 
group, and y the group of shortest wave-length. Within each group the 
lines are numbered with the subscripts 1, 2, 3, etc., in their order of 
intensity. Then later a line of considerably lower frequency was found, 
and received the designation l. It may be stated here that this division 
into the a, ft , and y groups is not identical with that previously men¬ 
tioned, in which three sub-groups w'ere formed on the basis of the different 
voltages necessary to excite them. The three groups a, ft, and y may be 
ascribed to a pure chance in the order of the lines in the spectrum. But 
in the classification of new experimental results this notation lias the 
advantage that new lines, which are generally w T eaker than those already 
known, may be included in the series of subscripts, and it also enables one 
to form some idea of the intensity of the various lines. Until a rigid and 
theoretically founded nomenclature can be adopted, the one just indicated 
is in my opinion the most advantageous. Another system of notation is 
in use. It was proposed by Moseley, and Sommcrfeld has further 
extended it from theoretical considerations on the relationships between 
the lines. Later on we shall discuss a rational system of notation. The 
correspondence between the Moseley-Sommerfeld notation and ours may 
be seen from the following parallel arrangement. Moseley discovered and 
named the lines a, ft, y, </>, w r hile Sommerfeld introduced the other symbols. 

Siegbahn - - a, a, ft ft ft ft ft ft, y, y, y s y 4 y- l ■>, 

Moseley-Sommerfeld a' a ft y <j> <f>' £ i d 6 \ $ K € V 

The diagram of Fig. 73 gives a better and more detailed picture of 
the L series than do the spectrograms in Fig. 39. The lines here are in 
their proper relative positions on a scale of wave-lengths, and are so placed 
that the strongest line lies in the same position for all elements. Lines 
associated by the Moseley law are connected from element to element. 

We have already mentioned that the L series is divided into three 
groups, of which each show's the same character as the K series, i.e. all 
the lines of one of these sub-groups appear simultaneously when a certain 
minimum voltage is reached, and on further increase in the voltage they 
all increase in intensity in the same ratio. Webster and Clark, and also 
Hoyt, assigned the lines to groups as follows : 

First sub-group - l a 2 cq ft 2 ft T) ft 7 

Second sub-group - r; ft l y { 

Third sub-group - ft 3 ft A y 4 
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For platinum Hoyt gives as the critical voltages of these three groups 
10-2, 11*6 and 12-0 kv. 

Really precise measurements of the intensities of the lines of each 
group are not very numerous. Duane and Patterson made a few observa¬ 
tions with tungsten ; they could not compare different lines of the same 



Fid. 7 1 a. Photometric registration of the intensity distribution of the Jine Lai of Kh and it" 
satellites (cnlrite crystal). 


sub-group, but only neighbouring lines. On account of differences in 
ionizing action, in reflecting power, etc., lines differing greatly in wave¬ 
length are difficult to compare. From amongst the results of Duane and 
Patterson the following may be mentioned. The two a lines have the 
ratio 10 to 1 ; f3 2 and at most 116 to 1 ; for fi l9 ft 2 , f3 4 the relative 



Fig. 74n. Intensity distribution of the lines La , and LQ X of Zr and their satellites (gypsum 

crystal). 


intensities are as 100, 55, 15, 0 (voltage on the tube, 24*8 kv.); while, 
finally, the lines y v y 2 , y 3 , y 4 have the relative intensities 100, 14, 18, 6, 
with a tube voltage of 22*75 kv. 

The L series exhibits its greatest abundance of lines among the heavier 
elements. In the case of uranium no fewer than 22 lines have been 
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established. In passing to the lighter elements some lines of the series 
disappear, since the outer electron shells of the atom, in which, according 
to Rohr’s theory, the process giving rise to the lines is initiated, are no 
longer present. The lightest element for which the L series has been 
measured is copper, and in this case only a single line was obtained with 
a wave-length of 13,309 X.U. 

This was, a short time ago, the 
longest known X-ray wave-length. 

Just as in the K series, many 
of the lines of the L series become 
broader with decreasing atomic 
weight, that is, with increasing 
wave-length. Such a broadening 
of the strongest lines becomes 
noticeable first on the short wave¬ 
length side. A distinct structure 



Ca Go As Br Rb YRu Pi — . 

Zn Ge Se Kr Sr Zr Mo Rh Ag In Sb I 


72 7 * 

_„ _ . _ W 

5u 7b Ho Tul Cp Ta 


-76 78 80 82 8U 66 83 90 92 
Os fit ttg fib 7b 5m Ra Tb (/ 
Jr Au*Ti Bi Ac* ^ 


Fj«. 75. s !for tJie L Jim's as a function of the atomic numbers of the elements. 


is also evident within the line. Details in this respect may be found 
in the doctorate thesis of Coster, where photometric curves of intensity 
of the lines are shown. Two typical examples of these diagrams are 
here reproduced (Figs. 74a and 74b). 

The first is a photogram of the strongest line of rhodium from a photo¬ 
graph taken with a calcite crystal. In the diffuse broadening towards 
short wave-lengths a number of lines a 3 , a\ and a 4 may be seen. The 
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other photogram is from a spectrogram of the L a and L$ lines of 
zirconium taken with smaller dispersion (gypsum crystal). Both lines 
are accompanied by satellites on the short wave-length side, a 3 and a 4 in 
the one case and ft 13 in the other. 

Fig. 75 is a Moseley diagram of the L series. As in the K series, 
points representing the same lines for different elements lie upon curves 
which are almost straight lines, but the curves of the L series differ from 
those of the K series in that here certain curves intersect each other. This 
is explained by the circumstance mentioned above, that the L series 
consists of three groups, and a curve belonging to one group may intersect 
one of another group. 

Of the wave-length measurements in the L series we shall give first 
(Table 12) those of Moseley, who investigated a large number of 
elements. A few spectra had previously been partially measured, as we 
have stated, by Bragg and de Broglie. 


TABLE 12. 

Measurements of wave-lengths in the L series (Moseley, 1914). 


Element. 

! «<«i) 

0</9|) : f /> (ft;) 


40 Zr 

6091 




41 Nb 

5749 

5507 



42 Mo 

5423 

5187 

j 


44 Ku 

4861 

4660 

i 


45 Rh 

4022 


! 


46 Pd 

4385 

4168 

| 

392S 

47 Ag 

4170 




50 Sn 

3619 




51 Sb 

3458 

3245 



57 La 

2676 

2471 

2424 

2313 

58 Ce 

2567 

2360 

2315 

2209 

59 Pr 

2471 

2265 



60 Nd 

2382 

2175 



62 Sm 

2208 

2008 

1972 

1S93 

63 Eu 

2130 

1925 

1888 

1814 

64 Gd 

2057 

1853 

1818 


66 Ho 

1914 

1711 



68 Er 

1790 

1591 

1563 


73 Ta 

1525 

1330 


1287 

74 W 

1486 




76 Os 

1397 

.1201 


1172 

77 Tr 

1354 

1155 


1138 

78 Pt 

1316 

1121 


1104 

79 Au 

1287 

1092 


1078 


S.8. II 
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EMISSION SPECTRA 


The spectrum of tungsten (Table 13) has been investigated frequently, 
for the obvious reason that this element is the one most used as the 
material for the anticathode. 

Crof utt has found some additional lines in the wave-length region of the 
tungsten L series, which he also ascribes to the spectrum of that element. 
The reason is that these lines fit in well between energy-levels known 
for tungsten. The corresponding transitions for two of them, y n and y 12 
are ruled out by the selection principle just as in the case of the formerly 
known and /? 10 . y n has been observed also by Dershem and by Overn. 
The wave-lengths and transitions of these lines are : 

Pi*- 1248-2 (VT 4 ). 

1216-6 (/' 1 0 2 )» 
y 12 - 1074-8 (L.,N 7 ), 

7ii~ 1044-4 (L,N 4 ). 


TABLE 13. 

L series of tungsten from various observers. 



Dersliem. 

Overn. 

1 

a 2 

1482-8 

1483-9 

«i 

1472-2 

1473-1 

V 

1416-3 


ft 

1297-7 

1268-4 

ft 

1286-8 

1287-2 

ft 

1278-4 

1279-3 

ft 

1268-6 

1259-8 

ft 

1241-6 

1243-4 

ft 


1235-5 

ft 

1220-2 

1221-2 

ft 


1213-2 

ft« 

1209-8 

1209-7 

ft 

1177-3 ? 

1202-1 

y& 

1129-2 

1130-2 

7i 

1095*8 

1096-7 

— 


1079-4 


1070-5 

1072-4 

72 

1064-8 

1065-9 

73 

1058-7 

1059-6 


1042-1 

1044-6 

7 4 

1025-3 

1026-3 


Compton. 

Siejzhahn 

Duane 

and 

and 


Coster. 

Patterson. 


1675-05 

1676-1 

1484-0 

1484-52 

1484-4 

1473-6 

1473-48 

1473-5 

1336-0 ? 

1417-7 

1418-1 

1298-7 

1298-74 

1287-1 

1298-9 

1279:2 

1279-17 

1279-3 

1260-2 

1260-00 

1260-5 

1242-1 

1241-91 

1235-4 

1242-3 

1218-7 

1220-8 

1212-5 

1209-4 



1202-1 

1129-2 

1204-4 

1098-5 

1095-53 

1072-0 

1096-4 

1065-3 

1065-84 

1065-9 

1058-4 

1059-65 

1060-0 

1025-1 

1026-47 

1026-5 


Crofutt. 

lingers. 

1484-4 

1484-3 

1473-3 

[1473-27! 

1418 

1417-3 

1298-8 

1298-7 

1287-5 

1287-6 

1279-3 

[1279-05] 

1260*2 

1260-1 

1242-1 

[1241-921 

1236*4 

1235-5 - 

1221-7 

1220-6 

1213-3 

1212-6 

1209-9 


1202-7 

1202-1 

1129-9 

1129-2 

1096-4 

[1095-53] 

1078-6 

1078-0 

1072-3 

1071-5 

1065-9 

1065-0 

1059-9 

1059-0 

1044-4 

1043-3 

1026-6 

1025-6 
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Rogers, whose values are tabulated in the last column of Table 13, 
also gives lines having the following wave-lengths : 


1450*3 

1230*0 

1373*5 

1113*8 

1321*2 

1086*2 

1248*7 



It is doubtful whether these lines really belong to the tungsten 
spectrum. None of the new lines given by Crofutt were found by Rogers. 
Moreover, the line obtained by other observers is missing in the table 
of Rogers. 

In some quite recent researches performed with a view to extending 
the methods of X-ray spectroscopy in the direction of longer wave¬ 
lengths, the author and Mr. Thoraeus have obtained as a preliminary 
result the strongest lines in the L series of the elements Zn to Fe. In 
these investigations only a very thin coloured foil of gelatine separated 
the X-ray tube from the spectrograph. The spectrograms were taken on 
Schumann plates, and an organic crystal (palmitic and stearic acid) with 
large lattice constant was used as a grating. The preliminary results 
are collected together in Table 13 a. 


TABLE 13a. 


Element. 

Older values and extra¬ 
polated values [ in A. 

JN*e\v preliminary wave¬ 
lengths in A. 

Zt) 

12-22 

1 0 

11-95 

12-25 

£ 

11-99 

Cll 

13*31 

— 

13-39 

13-10 

Ni 

[14-55 j 

— 

14-65 

14-33 

Co 

[15-97] 

— 

16-07 

15-80 

Fe 

[17-0] 

-- 

17-66 

17-33 


In the following tables (pp. 116-124), the measurements of the L series 
made in the laboratory of the author are tabulated. The stronger and 
more accurately measurable lines have been redetermined by Hjalmar. 
The weaker lines have been contributed by Coster, who also discovered a 
large number of new lines in the L series ; these are included here in the 
general scheme. The elements from Os (76) upwards have all been 
measured anew by Coster, and their spectra enlarged by the addition 
of lines previously unknown. The spectrum of Hafnium, discovered in 
the Bohr Institute with the help of X-ray spectroscopy, has been 
measured there by Coster. Also Thulium (69) has been measured by the 
same observer. 
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24. The M and the N Series. 

Besides the two series which have been known since Barkla’s experi¬ 
ments two softer characteristic radiations have been discovered by the 
aid of vacuum spectroscopy, and have been named the M and the N series. 
The M series was discovered by the author in 1916 for uranium and gold, 
and later measured more accurately by Stenstrom as far as dysprosium. 
The principal lines are not sharp even with the heaviest elements, and 
they become very broad with decreasing atomic number. In the dis¬ 
sertation of Stenstrom there are a number of photometric records of the 
lines which reveal their structure. The crystals used by him were calcite, 
gypsum and sugar. He was thus able to find and measure three lines a, 
/3 and y for a number of elements, and also for U and Th two fainter 
additional lines & and c. The results of Stenstrom’s measurements are 
collected in Table 14. 

TABLE 14. 

Measurements of the M series by W, Stenstrom, using different crystals. A in X.U. 


Kle- 

1 • .. 1 

L_ ' ! 

1 _ 

inent. 











CSyps. | 

Calcite. 

Sugar. 

Hypfl. 

Caleite. 

Sugar. 

Gyps. 

Calcite. 

Sugar. 

92 U 

3901 

3901-4 

3906*6 

3703 

3708*3 

3712*8 

3470 

3471*4 


90 Th 

4119 

412915 


3920 

3933*3 


3654 

3656*5 


83 Bi 

5100 

5107*2 


4893 

4899*3 


4515 

4523*8 


82 Pb 

5276 

5275*1 


5063*5 

5064-8 


4653 

4663*7 


81 T1 

5445 

5449*9 


5223 

5238*4 


4802 



79 Au 

5819 



5601 



5115 



78 Pt 

6028 


6043*0 

1812 


5824*5 

5311 


5279-9 

77 lr 

6245 

Sugar 
2nd Order. 


6029 

Sugar 
aj Kef. 





76 Os 

6477 



6250 






74 W 

6973 

6974*6 

6979*5 

6745 

6752*7 

6750*6 



60*905 

73 Ta 

7237 



7011*5 




' 


71 Lu 

7818 


7835*5 

7587 

7598*2 





70 Yb 

8123 


8136 

7895 

7902 





68 Er 

8770 



8561 






67 Ho 

9123 



8930 1 






66 Dy 

9509 



9313 ) 

i 

i 





Later, Karcher investigated the M series for the elements Pt to Bi 
(Table 15), and reported three other lines which he designated as /L, 


TABLE 15. 

Karchar’s Measurements in the M series. A in X.U. 


Element. 

«i 

ft 

03 

7l 

V2 

Y:i 

78 Pt 

6049 

5831 

5649 

5329 

4733 

4623 

79 Au 

5848 

5632 

5446 

5154 

4530 

4439 

80 Hg 

5649 

5439 

— 

— 

_ 

_ 

81 T1 

5468 

5254 

— 

— 

_ 

_ 

82 Pb 

5290 

5078 

— 

4675 

4073 

— 

83 Bi 

| 5124 

| 4915 

4604 

4534 

3932 

3840 
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7 2 and y 3 . His measurements are not in good agreement with StenstromV 
nor with the subsequent ones of Hjalmar. 

After the technique of vacuum spectroscopy had been improved to a 
considerable degree by the construction of more powerful X-ray tubes 
and by more efficient vacuum spectrographs, the study of the M series 
was taken up again. This work was carried out by Hjalmar, and extended 
our knowledge of this series more than had been anticipated. (See the 
tables on pp. 127-129). For example, in the case of uranium, no 
fewer than 23 lines were shown to exist. We shall return below to the 
notation adopted by Hjalmar. He observed that- the maxima of blacken¬ 
ing in bands of emission (corresponding to the broadening of lines observed 
by 8 tenstrdm) occurred only on the short wave-length side of the strong - 
lines. These maxima w T ere denoted by a, /i, y and with dashes. 

Using the methods developed for the longer waves already described, 
Thoraeus has been able to photograph a much more complete M- 
spectrum for the lower elements than was formerly possible. The follow¬ 
ing Table, 15 b, gives the results so far obtained for tungsten, using a 
mica crystal as grating. With this crystal the lines are very sharp, and 
permit a rather exact measurement. Unfortunately, the deviation from 
the Bragg law is large. All wave-lengths are calculated provisionally 
from the Bragg law and assuming log 2d = 1*29823. 

TABLE 15b. 


! 

('aleulattni. j 

Found. 


Transition. 

i 

V 

11 

A in A . 

Hjalmar. 

Tlioracus. 

Intensity. 


204*7 

4*452 

— 

4-433 

1 

A/ 4 O r> 

] S3*7 , 

4*961 


— 

— 


177-0 | 

5-146 


5157 

1 


172-0 

1 5*298 

— 

— 


M t N 4 : 

170-2 

! 5-354 


5*365 

2 

M-/h i 

162*2 

i 5-618 

— - 

5-607 

1 

j 

149-6 

6-091 

6*085 

6-083 

3 

M a hy I 

148-7 

6-128 

— 

6*123 

1 

m 4 n. 

145-3 

6-272 

— - 

6*271 

1 


135-3 

6-735 

6*745 

6*733 

5 


134-9 

6*755 

— 

6*750 

1 

M 4 N v ,(<*) 

130-7 

6*972 

6*973 

6*963 

5 

J/,0, 

130-3 

6*994 

— 

--- 

— 

M 3 xV 7 

1 123-8 

7-361 

— 

7-349 

2 

a/ 2 -v 5 

107-2 

8-501 

— 

8-549 

1 

My N t 

102-6 

8-882 

— 

— 

— 

M,N e 

102-2 

8*917 

— 

8-948 

2 


For the new element 72, Hafnium, two M lines, a and /?, have been 
measured by Coster, who gives the values a =7521 and f3 =7286 X.U. 





Wave-lengths of the M series. 
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EMISSION SPECTRA 


With the same spectrographic apparatus that he used in measure¬ 
ments of the M series Hjalmar also succeeded in finding and measuring 
several lines which without doubt belong to the N series. (On the 
significance of lines which had been assigned by Dolejsek to this series 
see the dissertation of Hjalmar.) All the lines arc very indistinct, so that 
it seems quite possible that one line or another was wrongly interpreted. 
So far it has been possible to detect the N series only for the three 
elements U, Th, and Bi. The following table contains the measurements 
of Hjalmar. The line of thorium at 13,805 X.U. represents the longest 
wave-length yet measured in Rontgen spectroscopy. 


TABLE 16. 


N series. From Hjalmar’,s measurements. 


— .—— 

- - — 

--- 

. - 

. qfe'fy 

KliMwnt. 

Lino. 

A 

V 

n 

/" 
V /.• 

Uranium 

n 7 i\ 

8,691 

104*8 

10*24 

?* 

N 7 O a 

9,619 

94*75 

9*72 

*» 


J 0,385 

87-72 

9-36 

9* 

n 5 p ; , 

12,250 

74-43 

8-63 

}> 

NA 

12,874 

70*78 

8*41 

Thorium 

N,P, 

9,397 

96*97 

9-82 

u 

N,0, 

! 10,030 

90*86 

9*53 

9 * 

N 0 O 2 

! 11*046 

82*49 

9-08 


n 5 p. 

13,149 

69*3 

8-32 

,, 


13,805 

66*01 


Bismuth 

N A 

13,208 

68*99 

8*31 
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ABSORPTION SPECTRA 

25. General Survey of Absorption Spectra 

Jx his first photographs of X-ray spectra by the rotating crystal method 
de Broglie noticed a sudden and surprising change in the blackening of 
the plate in two places. Pig. 76a is a reproduction of one of de Broglie’s 


L : y a 
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Fitt. 70A. Spectrum from n ('ooliUjte tube with tungsten anticnthoile. 

photographs, in which this change in the blackening at the points Ag 
and Br shows very plainly. De Broglie at first interpreted this as a band 
spectrum within the region of the Rontgen spectrum. But a further 
study of the phenomenon proved the explanation proposed by Bragg and 
the author to be the right one ; namely, that the sudden change of blacken¬ 
ing is due to the sudden and large increase in the absorptive power of the 
Ag and Br in the emulsion of the plate, when the incident wave-length 
becomes small enough to excite the characteristic radiation of those two 
elements. This interpretation was nothing more than a simple applica¬ 
tion of the explanation of the facts discovered by Barkla in his investiga¬ 
tions of the general absorption in a given element of X-rays of varying 
degrees of hardness. 

The striking feature on these plates was the extraordinary sharpness 
of the absorption edges. 

The proof that this explanation of the phenomenon is the true one 
lies in the fact that these discontinuities in the blackening of the plate 
always appear regardless of the material of the anticathode, and in the 
further fact that the wave-lengths of these two limits coincide with those 
of the lines of highest frequency in the K series of Ag and Br respectively. 
It is often possible to detect the edges in the second order also. The 

1.31 
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extraordinary sharpness of the edges permits an accurate determination 
of the wave-length. Thus de Broglie found 0482 and 0*916 A for the 

wave-lengths of the limits for Ag and 
Br. In comparison with these, the 
wave-lengths of ft 2 , the shortest K 
line of the same two elements, are 
0*485 and 0*918 A. The relation be¬ 
tween the absorption curve aud the 
line spectrum is shown in Fig. 76b. 
When we approach the absorption 
limit from the long wave-length side 
the absorption in the silver bromide 
film becomes steadily less with de¬ 
creasing wave-length until the line of 
shortest wave-length is reached. Then the absorption suddenly increases, 
at the same time the K series radiation is excited, and an increased 
blackening of the plate accompanies this excitation. In the continua¬ 
tion of these investigations, which were simultaneously undertaken by 
E. Wagner, de Broglie showed that it is not at all necessary, in producing 
these discontinuities on the plate, 
that the absorbing substance should 
be in the photographic film. If an 
absorbing screen is placed anywhere 
in the path of the beam between 
anticathode and photographic plate 
(except that it must not be placed 
so near the plate that the latter is 
blackened by the characteristic 
radiation excited in the screen) a 
discontinuity in the blackening is 
produced at a wave-length practi¬ 
cally the same as that of the highest 
frequency line in the spectrum of the 
absorbing substance. The heavier 
blackening of the plate in this case, 
however, lies on the long wave-length 
side of the discontinuity, since the shorter wave-lengths are arrested in 
the screen more than the longer wave-lengths. 

The very interesting photograph taken by Wagner, and shown in 
Fig. 77, illustrates this phenomenon very nicely. In this experiment 
three absorbing screens were simultaneously placed in the path of the 
beam. Between these screens bands of direct radiation were allowed to 
pass unabsorbed. In the lowest of these bands is the silver edge caused 



Silver absorption edge. 

Fig. 77. Comparative photograph of the absorption 
limits of Cd, Ag and Pd, by E. Wagner. 


Absorption 



Wave¬ 

length 


Fl«.70n. Diagram of the variation of absorption 
and the relative position of the K lines. 
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by the intensified absorption in the film of the photographic plate. If 
the radiation passing through the screens is of sufficient intensity to 
show well upon the plate, then the unabsorbed strips are necessarily 
overexposed. For this reason, the contrast between the blackening pro¬ 
duced by the direct and by the absorbed beams is naturally rendered 
less distinct. In the middle strip, behind the silver screen, the blackening 
is on the whole much less, yet we can see that the discontinuity is in the 
same place as in the 
lowest spectrum, but 
that the regions of 
greater and lesser black¬ 
ening have changed 
places. The charac¬ 
teristic absorption in 
the photographic emul¬ 
sion is more than com¬ 
pensated for by the 
greater absorption of 
the shorter wave-length 
radiation in the inter¬ 
posed screen. The 
light upper strip is due 
to absorption in Cd. 

In addition to the general diminution of blackening, we observe here 
also a sudden marked change in intensity about 1 mm. to the left of the 
silver limit, which is due to stronger absorption of the radiation of shorter 
wave-length than that of the characteristic radiation of Cd. The same 
is true for the Pd screen, except that here the absorption limit is displaced 
to the other side of the silver edge. 

Up to this point we have discussed only those absorption discontinuities 
associated with the K characteristic radiation of the absorbing substance. 

If we examine in the same way the region of the L radiation, as was 
done first by de Broglie and Wagner, we find three stages in the blacken¬ 
ing. These are due to the fact that the lines of the L series, as we have 
already stated, are divided into three groups requiring different voltages 
for their excitation. A diagram showing the connection between the 
emission spectrum and the absorption spectrum of the L series is pre¬ 
sented in Fig. 78. The three L limits, which are generally as sharp as 
lines, are here denoted by K Lt and L s . 

In the M spectral region Stenstrom and Coster have also located 
absorption limits, which are denoted in the order of decreasing wave¬ 
lengths by M v M 2 , if 3 , l/ 4 and M 5 . The first three were detected by 
Stenstrom for U, Th and Bi, the last two by Coster for U and Th 


Absorption spectrum 



Fig. 78. Diagram of the absorption and tin* emission spectrum, 
showing the relative positions of discontinuities and lines. 
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The typical appearance of an absorption spectrum as pictured in 
Figs. 76b and 78, with a sharp limit separating two regions of more or 
less homogeneous blackening, is generally observed in the K series, and 
for the heavier elements also in the L series. But complicated conditions 
make their appearance in the absorption edges of many elements in the 
L and M series, as well as for the very lightest elements in the K series. 
A pure line absorption is also often observed. A very beautiful example 
of this is shown in Fig. 79a, for which I am indebted to Mr. Lindh. This 



Lino Edge 

Figs. 70a. and 7!)B. Comparative photographs of absorption spectr.* of S in a plate of gypsum 
and in gypsum powder. Taken by A. E. Lindh. 


plate, representing the K absorption of sulphur, shows, instead of an 
absorption edge, a white line on a dark background. The course of the 
blackening may be judged better from the photometric record. Very 
little difference is to be observed in the blackening on the two sides of the 
limit. This means that precisely those wave-lengths which are just 
sufficient to excite the characteristic radiation of sulphur are absorbed to 
an extraordinary degree. We have here to do with a distinctly selective 
absorption, such as we are familiar with in ordinary optics. For com¬ 
parison we have in Fig. 79b a photograph showing the normal appearance 
of the edge, obtained with the same absorbing substance, except that in 
the latter case a much thicker and more homogeneous screen was used. 
Very typical lines of this sort were first noticed by Stenstrom in the 
M series, several of them being shown in his dissertation. The M z edge 
especially appears as a rather sharp line, while the M ± and the M 2 edges 
are broader. The sharpness of the absorption lines seems, moreover, to 
be closely connected with the sharpness of the emission lines of the same 
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element in the same series. Hence it may be understood why this pheno¬ 
menon has not been observed in the short wave-length regions of the K 
and the L series, where the emission lines are much narrower than the 
slit width, but only in regions 
of greater wave length, where 
the lines are broader. 

In his investigation of 
the lightest elements of the 
K series, Fricke found not 
only fine absorption lines of 
this kind, but also a com¬ 
plicated structure in the 
neighbourhood of the ab¬ 
sorption limit. Hertz found 
similar appearance in the 
long wave-length absorption 
edges of the L stories. This 
phenomenon must be sur¬ 
veyed in the light of the in¬ 
teresting discovery of Lindh 
that the form of chemical Jia 
combination has a marked 
influence on the position and 
on the appearance of the 
a bsorption edge. Som e wh at 

„ . Kit;. SO. Absorption spectra of the A' series of w>\vr;il 

earlier, Bergengren, in an dements, by do mogiie. 

investigation of the K ab¬ 
sorption spectrum of various modifications of phosphorus, had for the first 
time found an exception to the rule in Rontgen spectroscopy, according to 
which X-ray spectra are purely an atomic property. Bergengren supposed 
that the differences which he found in the position of the absorption 
limits were directly dependent on the modification of phosphorus present, 
an inference which may easily be understood from the limited scope of 
his data. Further investigation has shown, however, that the principal 
factor is the chemical valency. This was demonstrated for chlorine and 
sulphur by Lindh, to whose very important research on this point we shall 
return later. 

26. The K Absorption 

For the first investigations in the K series we are indebted to de Broglie 
and E. Wagner, who both worked by photography and by the rotating 
crystal method. 

The results of their work are given in Table 17 below, along with the 
later measurements of other authors. Fig. 80 is a reproduction of a 
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TABLE 17. 

Wave-lengths of the K absorption limits. X in X.U. 


Element. 

dc Broglie. 

Wagner. 

i’rieke. 

Duane, Blake, 
Hu, Htenstrdm, 

Limlli. 





Slmni/.n. 


12 Mg 

— 

— 

9511*2 

— 

__ 

13 A1 

— 

- - 

7947*0 

— 

— 

15 V 

— 

— 

5758-0 


5767*4 

16 S 

— 


5012*3 

— - 

5008-8 

17 Cl 

— 

— 

4384*4 


— 

18 A 

- - 

— 

3865*7 

— 

— 

19 K 

— 

— 

3434*5 


3431-0 

20 Ca 

- - 

— 

3063*3 

i __ 

3064-3 

21 Sc 

— 

— 

2751*7 


-- 

22 Ti 

— 

— 

2493*7 


- 

23 Va 

— 

— 

2265*3 

— 

— 

24 Or 

_. 

_ 

2067*5 

2062*3 


25 Mn 


— 


1889*3 

Walter. 

26 Fe 

— 

1740 

—- 

1737-7 


27 Co 

— 

— 


1601-8 

— 

28 Ki 

— 

1485 

— 

1489-0 

1484-5 

29 Cu 

1388 

1375 

— 

1378*5 


30 Zn 

— 

— 

— 

1296*3 

1280 

31 Ga 

— 

— 


1190-2 

— 

32 Ge 

— 

— 

— 

1114-6 

_ 

33 As 

— 

— 

— 

1043*5 

— 

34 Se 

1003 

— 

— 

979-0 

— 

35 Br 

916 

917 

— 

917*9 

__ 

37 Rb 

812 

— 

— 

814*3 

_ 

38 Sr 

767 

— 

— 

769*6 

— 

39 Y 

— 

— 

— 

725*5 

_ 

40 Zr 

684 

— 

— 

687-2 

— 

41 Kb 

648 

— 

— 

650*3 

_ 

42 Mo 

614 

— 

— 

618*42 

— 

44 Ru 

— 

— 

— 

558*4 


45 Rh 

— 

— 

_ _ 

533-0 

_ 

46 Pd 

47 Ag 

505 

482 

513 

484 

Siegbalm 
. and Jonsson. 

507*5 

485-0 

— 



48 Cd 

460 

462 

462*9 

463-2 

— 

49 In 

— 

-— 

— 

443-4 

— 

50 Sn 

421 

422 

423-1 

424-2 


51 Sb 

401 

405 

— 

406*5 

Cabrera. 

52 To 

385 

383 

387-7 

389-6 

—.— - 

53 I 

369 

369 

371*5 

373-7 

— 

55 Cs 

340 

— 

343*6 

344*4 

— 

56 Ba 

327 

331 

330*6 

330-7 

— 

57 La 

313 

— 

318-6 

318-8 

318-6 

58 C© 

300 

298 

306-4 

306-8 

306-5 

59 Pr 

— 

— 

294-6 

— 

295-1 

60 Nd 

— 

282 

283-5 

286-1 

284-6 

62 Sa 

— 

— 

263*6 

— 

264-4 
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Element. 

do Broglie. 

"Wagner. 

Seigbahn 

and 

Jonsson. 

Duane, Blake, 
Hu, Sfcenstrdm, 
Fricke and 
Shimizu. 

Cabrera. 

63 Eu 

— 

_ 

254*3 

— 

254*8 

64 Gd 

---- 


245-6 

— 

246-2 

65 Tb 

— 

• - 

— 

239*8 

237-6 

66 Dy 

- 

— 

229*4 

230*8 

230-1 

67 Ho 

— 


221-4 

— 

221-8 

69 Tu 

208 

—- 


— 

208-5 

70 Yb 

201-5 


--- 


201*6 

71 Lu 

195 



— 

195-1 

72 Hf 

— 

G'rofutt. 



190-1 

73 Ta 


— 

- — 


183-6 

74 W 

— 

178 02 

— 

178*06 

j ' 

76 Os 

- 

— 

. _ 

168*3 

1 

78 Pt 

152 

— 

157*8 

158*1 

1 _ 

79 Au 

149 

— 

152-4 

153*4 

i 

80 Hg 

146 

— 

147*9 

149*0 

i — 

81 T1 

142 

— 

142-7 

144*9 

i * 

82 Pb 

138 

- 

138-5 

141*0 


83 Bi 

133 

! _ 

134-6 

137*1 

— 

90 Th 


- - 

112*7 

112*9 

1 ““ 

92 U 

— 

— 

l 

107*5 

i ' 


TABLE 18. 

and 'sj for the K absorption limits 


Element. 

r 


Element. 


J* 

Element. 

e i 

/- 


n 

v it 


n 

' It 


it 

N n 

12 Mg 

95*81 

9*79 

35 Br 

992*78 

31*51 

60 Nd 

3213 

56*68 

13 A1 

114*67 

10*70 

37 Kb 

1119-1 

33*45 

62 Sa 

3448 

58*72 

15 P 

158*26 

12*58 

38 Sr 

11841 

34-41 

63 Eu 

3578 

59*82 

16 S 

181*81 

13*48 

39 Y 

1256-1 

35-44 

64 Gel 

3700 

60*83 

17 Cl 

207*84 

14-42 

40 Zr 

1326*1 

36-41 

65 Tb 

3834 

61-92 

18 A 

235*73 

15*35 

41 Nb 

1401*3 

37-43 

66 Dy 

3960 

62*93 

19 K 

265-33 

16*29 

42 Mo 

1474*5 

38*40 

67 Ho 

4108 

64*09 

20 Ca 

297*48 

17-26 

44 Ru 

1631*9 

40-40 

69 Tu 

4370 

66*11 

21 Sc 

331*17 

18-20 

45 Rh 

1709*7 

41*35 

70 Yb 

4520 

67-23 

22 Ti 

365*43 

19*11 

46 Pd 

1795*6 

42*37 

71 Lu 

4670 

68*34 

23 Va 

402*27 

20*06 

47 Ag 

1878*9 

43*35 

72 Hf 

4793 

69*23 

24 Cr 

441*14 

21*00 

48 Cd 

1967*3 1 

44-35 

73 Ta 

4963 

70*45 

25 Mn 

482*36 

21*96 

49 In 

2055*2 

45 33 

74 W 

5117 

71*54 

26 Fe 

524*34 

22*91 

50 Sn 

2148*2 

46-35 

76 Os 

5414 

73-58 

27 Co 

568-90 l 

23*85 

51 Sb 

2241*7 

47*35 

78 Pt 

5764 

75-92 

28 Ni 

612*00 

24*74 

52 To 

2339*0 

48-36 

79 Au 

5941 

77-08 

29 Cu 

66106 

25*71 

53 I 

2438-5 

49-38 

80 Hg 

6112 

78-18 

30 Zn 

702-98 

26-51 

55 Cs 

2646*0 

51-44 

81 Tl 

6293 

79-33 

31 Ga 

765-64 

27*67 

56 Ba 

2755*6 

52-49 

82 Pb 

6463 

, 80*39 

32 Ge 

817*57 

28*59 

57 La 

2860 

53*48 

83 Bi 

6642 

81-50 

33 As 

873-28 

29*55 

58 Ce 

2973 

54*53 

90 Th 

8057 

89*76 

34 Se 

930-82 

30*51 

59 Pr 

3093 

55*61 

92 U 

8477 

92*07 
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series of absorption edges kindly furnished me by M. de Broglie, and it 
shows how well defined the absorption limits are. All of these photo¬ 
graphs show a heavy blackening in the middle due to the direct beam. 
Next to this on both sides may be seen the K series of tungsten, which 
comes from the anticathode of the Goolidge tube. The short wave-length 
boundary of the dark band lying further out is the absorption edge of 
the substance under investigation, while the long wave-length edge is 
again the absorption limit of the silver in the photographic film. 

Using another photographic method already described on p. 56 ff. 
the author in conjunction with Jbnsson investigated the short wave¬ 
length absorption spectra up to uranium, inclusive. Duane and his 
associates worked through the whole region from chromium upwards by 
the ionization method. Wry recently Cabrera has added some measure¬ 
ments carried out in the laboratory of de Broglie. In the table measure¬ 
ments are also included in the long wave-length region from Mg to Cr, 
as obtained by Frickc in the author’s laboratory with the spectrograph 
on p. 64 ft. As already stated, the absorption limits in this region are not 
so simple as those of short wave-length. The values in the table are 
those of the principal edge. Details are given in the article by Fricke. 
In the case of three of these elements, Cl, 8, and F, of course, the new T 
experiments of Lindh present a new r point of view. 

We may make a remark here on the significance of the material of 
the anticathode itself in connection with the K absorption. The spectro¬ 
meter is often placed so that the beam entering it leaves the surface of 
the anticathode in a direction almost grazing the surface, so that we 
should expect an absorption discontinuity in the ionization curve, due to 
absorption in the anticathodc itself. Of course, it makes no difference 
whether the absorbing layer is in the anticathode itself or external to it. 
If Rh, Pd, Mo or Ag be used as anticathode, this absorption discontinuity 
lies right in the middle of the main spectral region, 618 to 485 X.U., and 
appears just on the short wave-length side of the characteristic radiation. 
In the intensity curve of Rh show n on p. 94 this depression due to the 
absorption in the rhodium is plainly visible. Owen noticed the same 
thing when using a Pd anticathode ( Proc. Boy. Soc., A, 94, 341, 1918), 
but in the author’s opinion he interpreted it erroneously as the J series 
of silicon, produced by the carborundum crystal used as grating. 

27. The L and the M Absorption 

Absorption in the L series of the heaviest elements has been studied 
by de Broglie and by Wagner, using the rotating crystal method. While 
Wagner was not able to demonstrate the third very weak absorption edge 
with certainty, de Broglie succeeded in measuring all three limits for U, 
Th, Au and Bi. We are indebted to Duane and Patterson for a series of 
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very excellent measurements of the absorption limits of the elements 
from tungsten upwards. They used the ionization method, and Coster 
has pointed out that in order to obtain agreement with the values deter¬ 
mined by photographic measurements made at the Institute at Lund on 
the emission spectra, as demanded by the energy level classification, it is 
necessary to diminish the values 

of the wave-lengths given by the ^ A 2 ^ 

absorption measurements of Duane * v 

and Patterson by about 3 per cent. 

One-third of this discrepancy is 
explained by the difference in the 
value used for the grating constant. 

A very important and funda- Aj Ao A 3 

mental investigation in the L series l 4 ^ 

of absorption spectra is that of 
G. Hertz, involving the elements 
from Cs to Nd inclusive. Here 
we find ourselves in a wave-length 
region where the absorption edges 
begin to show a structure. The MnK a FeK a F©K^ 

pure line absorption also, which Figs. 81 a,i*. AbsorpiHm s^pectra of the L series 

we have mentioned in connection 

with the K series of the lightest elements, was observed by Hertz for 
these elements. We shall consider later the double nature of the L 
absorption edges which Hertz discovered in his work. Two of the Hertz 
spectrograms are shown in Figs. 81 a and 81 b. 

A step farther in the direction of longer wave-lengths was taken by 
Lindsay, who measured all three edges for the elements Ba to 8b inclusive. 

, The M absorption spectra have as yet been little 

■ investigated. Only for U and Th have 5 limits been 
measured and for Bi 3. At least the two faintest edges 

/ are very difficult to obtain, and demand especially 
t a favourable conditions. Stenstrom was obliged to make 
XTr-uiM. m Agi exposures of twelve hours* duration with currents of 
fig. 8u:. Absorption 40 to 80 milliamps. through the tube. (The voltage 
of ll uraniiim! e A inmn must, of course, always be kept so low ill these jihoto- 
photograph by Coster. g ra ph s that the second order does not become strong 

enough to obscure the detail in the first.) With the newer tubes and 
spectrographs these spectra were obtained with the same dispersion in 
one or two hours. Besides the principal edge, Stenstrom also measured a 
second fainter one near by. Several of these photograms are given in his 
doctorate thesis, and they throw additional light on the structure of the 
absorption limits. Fig. 81c is a reproduction of a very beautiful photograph 
by Coster of the two strongest absorption edges M x and M 2 for uranium. 


71 \ 

XT rail M, Mi AgL 

Fig. 8lo. Absorption 
limits of the M series 
of uranium. From a 
photograph by Coster. 
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TABLE 19. 

Wave-lengths of the L absorption limits. 

Designations: 0.—Coster; L.=Lindsay; H. = Hertz; D. and P.=Duane and 
Patterson; Br.— de Broglie; W. = Wagner ; C.N.W.=Coster, Nishina, 
and Werner; Ck. —Cork; Cr. —Crofutt; L.D.-Lepape and Dauvillier. 



In 


V,;, 

Author. 

47 Ag 

3684*4 

3504*7 

3260-5 

C. 

51 Sb 

2994*5 

2831*0 

2632*7 

L. 

52 Te 

2847*0 

2683*7 

2502-6 

L. 

53 1 

2712*4 

2548*3 

2381*9 

L. 

54 Xe 

2587*5 

2425*3 

2272*4 

L.D. 

55 Cs 

2467*8 

2307*3 

2160*5 

L. 

55 Cs 

2459 

2299 

2157 

H. 

55 (V 

2466 

— 

— 

e. 

56 Ba 

2357*7 

2199-5 

2060*2 

L. 

56 Ba 

2348 

2194 

2063 

H. 

56 Ba 

2356*7 

2198 

— 

C. 

57 La 

2253*7 

2098-9 

1968*9 

C.N.W. 

57 La 

2250 

2098 

1971 

H. 

58 Ce 

2159*7 

2006*7 

1885*6 

C.N.W. 

58 Ce 

2158 

2007 

1887 

H. 

59 Pr 

2072*7 

1919*7 


C. 

59 Pr 

2071 

1922 

1808 

H. 

60 Xd 

1990*3 

1837-6 

_ 

C. 

60 Ncl 

1992 

1842 

1736 

H. 

62 Sm 

1840*9 

— - 

— 

C. 

62 Sm 

- - 

1701 

1608 

Ck. 

63 Eu 

1773 

— 

— 

C. 

64 Gd 

1706*2 

1558*7 


C.N.W. 

64 Gd 

1699 

1550 

1470 

Ck. 

66 Dy 

1587*0 

1441*4 

1364*8 

C.N.W. 

66 Dy 

1576 

1435 

1362 

Ck. 

68 Er 

1479*6 

1334*9 

1266*0 

C.N.W. 

68 Er 

1478 

1336 

1265 

Ck. 

69 Tm 

1429*9 

1284*9 

1219*6 

C.N.W. 

70 Yb 

1382*4 

— 

1176*5 

C.N.W. 

70 Yb 

1386 

1242 

1171 

Ck. 

71 Lu 

1337*7 

1194*5 

1136*2 

C.N.W. 

72 Hf 

1293*0 

1151*5 

1097 

C.N.W. 

73 Ta 

1253 

1111*8 

1058 

Ck. 

74 W 

1213*6 

1072*6 

1024 

D. and P. 

74 W 

1211*2 

1071*8 

1023 

Ck. 

74 W 

1212*2 

1071*6 

1021*7 

Cr. 

47 W 

1215 

1083 

— 

Br. 

76 Os 

1138 

998*5 

951*5 

Ck. 

77 Ir 

1103*6 

965 

919*5 

Ck. 

78 Pt 

1070*4 

932*1 

892*1 

D. and P 

78 Pt 

1069 

930 


Br. 

78 Pt 

1072 

934 


W. 

79 Au 

1038*3 

901*1 

861*3 

D. and P. 

79 Au 

1038 

898 

858 

Br. 

79 An 

1036 

914 

— 

W. 
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In 


I 

Author. 

80 Hg 

1006*7 

870*0 

! 833*5 

D. 

and P. 

80 Hg 

1006 

— 

1 _ 


Br. 

81 T1 

977*6 

841*5 

805*5 

D. 

and P. 

81 T1 

974 

840 

! 


Br. 

82 Pb 

949*7 

813*3 

! 780*3 

1>. 

and P. 

82 Pb 

945 

811 



Br. 

83 Bi 

921*6 

787*4 

756*5 

D. 

and P. 

83 Bi 

921 

786 

| _ 


Br. 

88 Ra 

802 

668 

i 

j 

Br. 

00 Tli 

759*6 

i 628*6 

604*4 

j I). 

and P. 

00 Th 

757 

! 624 

! 604 


Br. 

02 U 

721*4 

591*8 

i 568*5 

D. 

and P. 

02 IT 

718 

| 588 

564 


Br. 


TABLE 20. 



r for the L absorption limits. 

11 

s /f * <>r ^ { 6 w, »i'Pti<>n limits. 



In 

7. a 

l , j 

In 

L., 

hi 

h, - h, 

47 Ag 

247*33 

260-01 

279*48 

15-72 

16*13 

16*72 

0*59 

51 Sb 

304*32 

321*89 

346*14i 

17*44 

17*94 

18*60 

0*66 

52 Te 

320*08 

339*56 

364*131 

17*89 

18*43 

19*08 

0*65 

53 I 

335*96 

357*60 

392-58 

i 18*33 

18*91 

19*56 

0*65 

54 Xe 

352*18 

375*74 

401*02 

| 18*77 

19-38 

20*03 

0*65 

55 Cs 

369*50 

396*4 

422*5 

19*22 

19*91 

20*56 

0-65 

56 Ba 

386*67 

414*67 

441*7 

| 19*66 

20*36 

21*02 

0-66 

57 La 

405*0 

434*4 

462*3 1 

20*12 

20*84 

21*50 

0*66 

58 Ce 

421*94 

454*44 

482*9 

20*54 

21*32 

21*97 

0*66 

59 Pr 

439*44 

474-68 

504-0 

20*96 

21-79 

22*45 

0-68 

60 Nd 

457*86 

495*90 

524-9 

21*40 

22*27 

22*91 

0*67 

62 Sm 

495*02 

535*7 

566*7 

22*25 

23-14 

23*80 

0*66 

63 Eu 

514*07 

- - 

— 

22*67 

— 


— 

64 Gd 

534*10 

584*66 

619*9 

23*11 

24-18 

24-89 

0*71 

66 Dy 

574*21 

632*22 

667*68 

23*96 

25*14 

25*84 

0*70 

68 Er 

615*85 

682*62 

719*78 

24*82 

26*13 

26*83 

0*70 

69 Tm 

637*31 

709*23 

747*19! 

25*24 

26*63 

27*33 

0*70 

70 Yb 

659*20 

733*7 

774*55 

! 25*67 

27*09 

27*83 

0*74 

71 Lu 

681*24 

762*87 

802*05 : 

i 26*10 

27*62 

28*32 

0*70 

72 Hf 

704*77 

791*37 

830*70 | 

I 26*55 

28*13 

28*82 

0*69 

73 Ta 

727*3 

819*6 

861*3 i 

26*98 

j 28*63 

29*35 

0*72 

74 W 

750*88 

849*59 

889*9 

27*40 

29*15 i 

29*83 

0*68 

76 Os 

800*7 

912*6 

957*7 | 

28*30 

30*21 

30*94 

0*73 

77 Ir 

825*7 

944*3 

991*0 I 

28*74 

30*73 

31*47 

0*74 

78 Pt 

851*26 

977*6 

1022 i 

29*18 

31*27 

32*02 

0*75 

79 Au 

877*65 

1011*3 

1058 ! 

29*63 

31*83 

32*54 

0*71 

80 Hg 

905*20 

1047*4 

1093 

30*09 

32*36 

33*06 

0*70 

81 T1 

932*15 

1082*9 

1131 ! 

i 30*53 

32*91 

33*64 

| 0*73 

82 Pb 

959*53 

1120*5 

1168 1 

i 30*98 

33*47 

34*17 

| 0*70 

83 Bi 

988*79 

1157*5 

1205 ! 

! 31*44 

34*02 

j 34*78 

0*76 

90 Th 

1199*7 

1449*7 

1508 

34*64 

38*07 

38*83 

0*76 

92 17 

1263*2 

1539*8 

1603 ' 

j 35*54 

39*24 j 

; 40*04 

0*80 
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TABLE 21. 

M absorption limits. 



j 

-Vi 

V 2 

M, 

Mi 

M : , 

Author. 


83 Bi 

47(52 

4569 

3894 

_ 

__ 

Coster 


90 Tli 

3721 

3552 

3058 

—, 


Stonstrom 

A 

90 Tli 

— 


— 

2571 

2388 

Coster 


92 U 

3491 

3326 

i 2873 

— 

— 

Stenstrom 


1 92 U 

— 

— 

“ 

2385 

2228 

Coster 

V 

H 

83 Bi 
90 Th 

191-36 

244-90 

199-44 

256-55 

233-9 

297-99 

354-4 

381-6 




92 V 

261-03 

273-99 

317-18 

382-1 

408-9 

M a -Mt 


1 

83 Bi 

] 3*84 

14-13 

15-30 

— 


1-17 

— 


90 Th 

15*65 

16-02 

17*26 

18-83 

19-53 

1-24 

0-70 

V It j 

! 

92 U 

| 

16-16 

1 

16-55 J 

1 

17-81 

19-54 

20-22 

1-26 

0*68 


28. Dependence of Absorption on the Chemical Combination of the Element 

One of the most striking distinctions between ordinary optical spectra 
and Rontgen spectra is the almost complete independence of the latter on 
the chemical nature, as well as on the chemical combination of the emitting 
element. While the optical spectra of chemically related elements, 
which are situated in the same vertical column of the periodic system, 
show a marked analogy in their appearance, there is no such periodicity 
in the Rontgen spectra. On the contrary, the structure of the Rontgen 
spectra changes slowly and regularly from one element to the next in the 
periodic system. No periodicity in this change had been observed until 
quite recently. 

Nor had anyone, until recently, succeeded in demonstrating any 
influence on X-ray spectra of the chemical combination of the atom. 
As stated above, however, Bergengren discovered the first indications of 
such an influence, in an investigation of the absorption spectrum of 
various modifications of phosphorus. Nevertheless, the interpretation 
of his results is not as Bergengren concluded from his limited investiga¬ 
tion, namely, that the basis of this difference lies in the allotropic modifica¬ 
tion of the element. Lindh, who continued the study of this phenomenon, 
made the very important discovery that the X-ray absorption spectrum 
of an element often varies greatly according to its chemical state in the 
compound investigated. Chlorine, sulphur and phosphorus, the elements 
included in this first investigation, all showed this peculiarity. Hence, 
in the study of absorption spectra in the region of long wave-lengths we 
must certainly consider that such spectra represent no purely atomic 
property, but that they depend on the form of chemical combination in 
which the element may happen to be. 
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We shall give an account' of the results obtained by Lindh in his 
interesting experiments, beginning with the case of chlorine. Generally, 
the absorption spectrum obtained for an element in a homogeneous 
chemical compound shows, in addition to the absorption discontinuity, 
certain brighter and darker lines on the short wave-length side. In 
some cases this u fine structure ” is more strongly developed than 
in others. The most complicated structure for chlorine was found in 
compounds where this element entered with a valency of seven. Fig. 82 
is a general graphical representation of the fine structure. The points 
to be measured here are the two 
discontinuities K 1 and K 2 , the 
first of which represents the loca¬ 
tion of the principal limit, while 
the other one is a secondary edge. 

In order to give a somewhat 
quantitative expression to the fine 
structure, Lindh also measured 
the intervals and ~Y£ 2 . Their 
significance may be understood 
from the figure. On the whole, 
the following tables of results show 
that the absorption spectra of all 
compounds, in which the valency 
of chlorine is the same, are iden- 



kinX. U, 


.. . .... ,, |. .. n . Fiu. Diagram of tin* relative positions and tin* 

tical Within the limits Ot expen- stnivtim* of tin* absorption spretra of chlorine for 
. ! tt ti ,1 various chemical combinations of that elrnivut. 

mental error. Hi 1 apparently 

forms an exception, the absorption wave-length being unmistakeably 
greater than for other monovalent compounds. Free chlorine occupies 
an entirely separate position with considerably greater w ave-length of the 
absorption edge. It therefore seems justifiable to take the mean value 
within each of the valency groups of the chlorine compounds, since the 
small variations from the mean probably do not exceed the error of 
measurement. The mean values thus obtained are listed in Table 23, and 
from these the curves of Fig. 82 are constructed. In these tables of 
mean values may also be found the corresponding energy differences, 


exjiressed in volts. 

Lindh also made a very extended investigation of sulphur. Besides 
crystalline sulphur in monoclinic and rhombic form, a whole series of 
divalent, tetravalent and hexavalent compounds w r ere studied, organic 
as well as inorganic. The two allotropic modifications showed no 
appreciable difference in their absorption spectra. The sulphides, 
however, exhibit differences in the position of the principal absorption 
edge, which surely lie outside the limits of error. ZnS has the shortest 
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TABLE 22. 


Absorption for Chlorine. 




A'j : A. 

A,: A. 

Jj\ l AA. 

Jd 2 • *AA. 


Cl 

4393-8 

4381-6 

7*5 

— 


H Cl 

4385*3 

— 


--- 


H 4 NC1 

4382-1 

4360-1 

10*8 

_ 


Li Cl 

4382*9 

4359*6 

12*4 


gj} 

Nad 

4383*3 

4359*2 

10*8 


O ./ 

KCl 

4382*9 

— 

10*8 

— 

i; a 

CaCL 

4382-1 


11*3 

— 

ll 

CuC1 2 ( + 2 H 2 0) 

4383*3 


11*3 


’ll 

SrCl 2 ( + 6H 2 0) 

4383*3 

- 

11-3 



Cd C1 2 ( + 2H 2 0) 

4383*7 

4360*9 

— 

—- 


CsCl 

' 4382-9 

1 

r 

— 


BaCl 2 ( -f 2 H 2 0) 

! 4382-9 

— 

10*8 



T1iC1 4 

4382-9 

— 

12*4 

— 


NaCIO, 

i 4376*5 

— 

! 9*6 


g 

Mg(C10,) 2 

4376*9 

4358*4 

10*2 


S 

IvC10 3 

4376*1 

4356*3 

9-1 


cs 

cu(cib 3 ).. 

i 4377*8 

----- 



c 

0/ 

Sr(Cl0 3 ) a 

1 4377*8 



j 


Ba(Cl() 3 ) 2 

4376*1 




hi 

XaC10 4 

4369*4 

4347*8 

I 9*1 

15*3 


KC10 4 

4370*2 

: 4347*8 

i 

10*2 

i 

1 

16*4 


TABLE 23. 

Summary of mean values of absorption measurements for Cl. 




A,. 

A*. 

Aj ; .AA. 

L Z \S A. 

Sr 1 juration in volts 
from tin; corre- 
sjjondiim rd^e for 

ei 2 . 

l>itf. 
ava 2 
in volts. 







A,. 

K>. 



Cl 2 

4393*8 

4381*6 

7*5 


0 

0 

7*8 


HC1 

4385*3 

-— 


-- 

5*4 


— 

Cl : 

Monov. 

4382*9 

4360*0 

11*3 

--- 

7*0 

13*8 

14*6 

Cl : 

Pentav. 

4376*9 

4357*4 

9*6 

— 

10*8 

15*5 

12*5 

Cl: 

Heptav. 

4369*8 

4347*8 

9*7 

1 

15*9 

15*3 

21*6 

14*1 


wave-length, 5005*3 X.U., while Cr 2 S 3 has the longest, 5011*7 X.U. The 
secondary edge shows a still greater variation in wave-length, the values 
here ranging from 4999*4 X.U. for H 2 S to 4987*2 for CuS. On the 
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contrary, in the group of tetravalent compounds, with the exception of 
S0 2 , the values agree very well for both the principal edge and the 
secondary. Furthermore, it will be noticed that the position of these 
secondary limits in the tetravalent group (and also in the sulphide group) 
very nearly coincides with the position of the principal limit in the hexa- 
valent group. The average values are respectively 4988*1 and 4987*9. 
In view of the ready oxidation of the tetravalent compounds, Lindh 
questions the real existence of the secondary limit for this group. 

In the hexavalent group of sulphur compounds Lindh studied a long 
series of sulphates with various metal atoms ranging from Li to U. With 
these no variation was found in the principal limit. Secondary limits 
were measured only for Li, Na and K, but in the case of these three there 
was a pronounced and rather regular increase of wave-length of the 
secondary limit with the atomic number of the metallic atom. 

Two sulphur compounds were also investigated, in which, according 
to the usual representation, two sulphur atoms with different valencies 
are present in the same molecule, as represented by the formula : 


M - °\s^ 

M--s/ ^ 


O 

o 


For these tw r o compounds Lindh found three edges and also three 
brighter lines, which are recorded in order of decreasing wave-length in 
the following table : 

TABLE 24. 


Absorption spectra of thiosulphates. 


Compound. j Limits. j Width of linos. 


Na 2 S 2 O s ( + 5 H 2 0) 

"r i 

1 5009*7 

5000-8 

4992-1 j 5-8 I 

3*2 

6*0 

BaS 2 0 3 ( + H 2 0) 

5008-0 

5000*1 j 

4991*6 J 2*6 

3*4 

6*0 


The first of these three edges is seen to agree very w ell with the corre¬ 
sponding principal edge in the divalent sulphur group (see the table of 
average values below), while the third edge comes out to be about 4 X.U. 
greater than the principal edge of hexavalent sulphur. 

By comparing the tables of averages for the inorganic and for the 
organic compounds w T e observe that in the latter the absorption edges 
for tetravalent and hexavalent sulphur lie about 6 X.U. farther towards 
greater w^ave-lengths. 

A point of great significance for the entire absorption process and its 
dependence on the state of chemical combination of the element is the 
fact revealed by Lindh’s results, that the absorption spectra of divalent 
sulphur are in general of the simple edge type, while in the tetravalent 

S.S. K 
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and hexavalent groups distinct absorption lines are found. Even though 
the results before us might be utilized in drawing general conclusions, it 
seems better to await further experimental developments which are in 
progress along certain directions. 


TABLE 25. 
Absorption of Sulphur. 
Organic Compounds. 




A', :X 

A' ;i :A 

/.] ! AX 

1 1*2 AX 

vi 

Phenylthioglycollie aci( 1 

5005-8 

___ 

1 5*2 

i - 

ns 

S 

Thiodigiycollic acid 

5006-4 

— 

i 


1 

Ammonium thiocyanate 

5007-5 

■ 

-■ 


i 

Sodium thiocyanate 

5008-0 

— 


— 

b 

u 

Calcium thiocyanate 

5007-4 

— 


— 

J& 

A 

Cuprous thiocyanate 

5005*8 

-- 

-- 

— 

35 

Silver thiocyanate 

5005-0 

4988*3* 


4-8 

a 

Barium thiocyanate 

5007-6 

. 

--- 


eS 

> 

Mercuric thiocyanate 

5007*6 

4987*9* 

— 

— 

s 

Lead thiocyanate 

5007*0 

4988*3* 


j 

C 

J V 

Phenylsulphoxyacetic acid 

5001*6 

4987*9* 

5*6 

4-4 

"S 

Dimethylthetindicarboxylicacid 

5002*2 

4987*2* 

4*8 



Diphenyls ul | dioxide 

5001*9 

j 

6*0 

i j 


s 

Pheny 1st ilphoneacetic aci c l 



r. ~i 


■s 

ethyl ester 

4994*1 


60 

— 

«4 

X 

Sulphonediacetic acid 

4994*2 | 


5*8 

; — 

O) 

w 

Di pheny lsul phone 

4993 4 ! 

i 


5*4 

i 



Summary of mean values of measurements of organic sulphur compounds. 


A T\ Difference in volts 




Ki 

J 

: AX | 

j 

I 1x»tween K\ and the same 
ed«e for crystalline S. 

Si, 

1 

(5006*8) 

* 

— 

S,v 

1 

5001*9 

5*5 

j 3*4 

Sv, 

j 

4993*9 i 

5*7 

: 7-3 


Summary of mean values of measurements of inorganic sulphur compounds. 



A r j 

A a 

L\ \ AX J Jj.> ! AX 

A V. Difference in volts 
between R\ and the same 
edsre for crystalline 8. 

S (cryst.) 

5008*8 

4994*1 

8-1 ! 7-9 


s„ 

(5009*3) 

— 

—• 1 — 

. 

S, v (except SO a ) 

4996*0 

4988*1 

4-3 j 4-2 

j 6*3 

Sy, 

4987*9 

— 

5-2 ; - 

10*3 


* Probably due to sulphate impurities. 














Hexavalent. I Tetravalent. I Divalent Sulphur compounds. 


TABLE 20. 


Absorption for Sulphur. Inorganic Compounds. 



K t :\ 

K,:K 

K a : X 

In : AX i 

jt<2 • AX 

l AX 

S Monoclinic 

5009-0 

4994*6 

— 

8*5 

8 

— 

S Rhombic* 

5008*6 

4993*8 

— 

7*7 

7*7 

— 

H 2 S 

5007*1 

4999*4 

— 

5*1 

— 

— 

cs 2 

5011*4 

___ 

— 

—. 

— 

— 

Na„S 

5009-6 

, 

----- 

— 

— 

— 

MgS 

5005*6 

— 

— 


— 

— 

CaS 

5006*6 

4996 

— 

. 


1 

Cr 2 S 3 

5011*7 

4996*9 

— 


— 

t - 

FeS 

5011*4 

4988*8 

— 

— 

— 

— 

CoS 

5010-9 

4988*3 

— 

— 

— 

— 

CuS 

5011*3 

4987*2 

— 


— 

— 

ZnS 

5005*3 

4987-8 

— 


— 

— 

MoS 2 

5009*9 

4988*4 


— 

—- 

— 

Ag a S 

5010*1 

-u 

— 


— 

— 

CdS 

5007*5 

4987*7 

— 

— 

— 


SnS 2 

5011*3 

4987*9 

— 

----- 


— 

Sb 2 S 3 

5009-9 

— 

_ 

— 

— 

— 

Sb 2 S, ; 

5010*8 

— 

— 


— 

— 

BaS 

5007-5 

4987*7 

— 

— 

— 

— 

Bi 2 S 3 

5010*3 

— 

— 

— 

— 

— 

so a 

5004*5 

4996*4 

— 

4*0 

— 

— 

Na 2 S0 3 (+7H 2 0) 

4995*6 

4987*7 


4*6 

4*2 

— 

CaS0 3 ( + 2H.O) 

4995*8 

— 

— 

4*0 

—. 

— 

CuSO a 

4995*6 

4998*4 

— 

4*4 

4*0 

— 

ZnSO a 

4996*3 

4987*7 

— 

4*0 

4*2 

— 

Ag*S0 3 

4995*8 

— 

— 

— 

— 

— 

CdSO- 

4996*4 

4988*4 

—. 

4*4 

4*4 

— 

BaS0 3 

4996*4 

4988*8 

— 

4*2 

4*4 

_ 

PbS0 3 

4996*3 

4987*8 

— 

4*2 

4*0 

— 

(H 4 N) 2 so 4 

4987*9 

" TZ 

— 

5*4 

— 

— 

Li 2 S0 4 ( + HoO) 

4987*8 

4962 

4937 

5*8 

16 

10 

Na 2 S0 4 ( + lOHoO) 

4987*8 

4972 

4960 

5*6 

— 

— 

MgS0 4 ( + 7H 2 0) 

4987*3 

— 

— 

4*8 


— 

A1 2 (S0 4 ) 3 (+18H 2 0) 

4988*3 

— 

— 

5*0 

— 

— 

k 2 so 4 

4988*4 

4978*3 

4965*9 

5*4 

6*8 

— 

CaS0 4 ( + 2HoO) 

4987*7 

— 

— 

5*2 

— 


Fe 2 (S0 4 ) 3 

4987*7 


— 

5*0 

—. 

— 

FeS0 4 ( + 7H 2 0) 

4988*3 

— 

— 

5*2 

— 

. — 

CoS0 4 ( + 7H 2 0) 

4987*9 


— 

5*6 

— 

— 

NiS0 4 ( + 7H 2 0) 

4987*7 

— 

— 

5*4 

— 

— 

CuS0 4 ( + 5H 2 0) 

4988*3 

— 


5*2 

— 

— 

ZnS0 4 ( + 7Ho0) 

4987*8 

— 

— 

5*0 

— 

— 

Rb 2 S0 4 

4987*8 


— 

4*8 

— 

— 

SrSO., 

4987*3 

— 

— 

5*6 

— 

— 

Ag a S0 4 

4988*3 

— 

— 1 

4*8 

— 

— 

3CdS0 4 ( + 8H 2 0) 

4988*3 

— 

— 

5*2 

— 

— 

SnS0 4 

4987*9 

— 

— 

5*0 

— 

— 

Cs 3 S0 4 

4988*3 

— 

— 

4*8 

— 

— 

BaS0 4 

4987*9 

— 

— 

5*0 

— 

— 

Hg a S0 4 

4987*7 

— 

— 

6*0 

— 

— 

Bi 2 (S0 4 ) 3 

4987*8 

— 

— 

5*4 

— 

— 

Th(S0 4 ) 2 ( + 9H a O) 

4987*8 

— 

— 

5*0 

— 

— 

(U0 2 )S0 4 ( 4* 3H 2 0) 

4987*8 

— 

— 

5*6 

— 

— 
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As mentioned above, Lindh has also studied phosphorus, and obtained 
results which clarify the earlier work of Bergengren. A more extensive 
study of the absorption spectra of this element has recently been carried 
out by P. Stelling, who investigated about thirty different salts. All his 
measurements of wave-lengths were made relatively to the K-B 1 line 
of phosphorus, the wave-length of which was taken as 5785-1 X.U. 
The following table gives a brief summary of his results. The second 
column gives the distance (a) from the X/^-line to the edge, the fourth 
column gives the wave-length differences from the edge for white phos¬ 
phorus, and the fifth column expresses these differences in volts. 


Substance 

ti 

A 

AA 

AF 

Phosphorus (white) 

0*51 

5776*9 

— 

— 

Phosphorus (violet, black) 

0*84 

5771*5 

5*4 

2*0 

Hypophosphite 

1*70 

5757*5 

19*4 

7*2 

Phosphite .... 

1-91 

5754*1 

22*8 

8*4 

Phosphate .... 

i 

2*12 

! 

5750*7 

26*2 

9*7 


Stelling remarks that the last three values are in arithmetical pro¬ 
gression, which fact may be understood from the constitutional formulae : 

H H OH 

I I I 

HO—P-O; HO—P = O ; HO—P=(). 

I I I 

H OH OH 

In some recent investigations Lindh has continued his work also for 
higher elements, and found the same effect here. With potassium he 
determined the absorption edge for the pure metal and for a number of 
salts. For the latter the values differed from that for the pure element 
by amounts which, expressed in volts, varied from 1-8 to 4*9 volts. His 
results are collected in the following table : 


Absorption edge for different salts of Potassium. 


Substance. 

ax.u. 

I 

; R 

AF in volts. 

K 

34.31*0 

265*59 

_ 

KCN 

3429*3 

265*73 

1*8 

KSCN 

3428*7 

265*77 

2*4 

KI 

3428*3 

265*80 

2*8 

KC1 

3428*0 

265*82 

3*1 

k 2 s 2 o 8 

3427*3 

265*86 

3*9 

k 2 so 4 

3426*7 

265*93 

4*5 

kcio 4 

3426*3 

265*95 

4*9 
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Calcium was also subjected to a preliminary investigation, and the 
following two values were found : 



AX.U. 

V 

it 

Al r in volts. 

Ca 

3064-3 

297-38 

_ 

CaC0 3 

3060-5 

297-74 

5-0 


All these researches have been carried out with the K series of the 
lower elements. 

Some measurements in the L series have been made by J. Tandberg, 
who investigated the absorption edges L v L 2 and L z of iodine. His 
results are given in the following table : 


Substance. 

AX.U. 

V 

li 

AA 

&V in volts. 

i 

2711 

336*1 

0 

0 

Nal 

2708 

336-5 

-3 

5 

NalO, 

2709 

336-4 

-2 

4 

NaI0 4 

2703 

337-1 

-8 

13 

I 

2548 

357*6 

0 

0 

Nal 

2542 

358*4 

-6 

12 

NaI0 3 

2544 

358*3 

- 5 

9 

Nal0 4 

2541 

358 6 

- 7 

14 

I 

2402 

379-4 

0 

0 

Nal 

2397 

380-2 

- 5 

11 

NaI0 3 

2398 

380*1 

-4 

9 

Nal0 4 

2397 

380-2 

i - 5 

11 




VI 


SYSTEMATIC ARRANGEMENT AND THEORY OF 
X-RAY SPECTRA 

29. General Ideas on the Origin of X-ray Spectra. Energy Level 

Diagrams 

Although we are still far from having reached a complete and satis¬ 
factory theory of Rontgen spectra, yet, thanks to the Bohr theory of 
radiation, it has become possible to unify the entire mass of empirical 
material in such a way as to throw considerable light on those atomic 
processes from which Rontgen spectra arise. From these same spectra 
we are now also able to draw important conclusions concerning the 
structure of the system of electrons surrounding the nucleus of the atom. 
There are also certainly many more contributions of this nature to be 
derived from the quantity of experimental material already available. 

One of the well-known fundamental postulates of Bohr’s theory is the 
following : Whemanalteration occurs in the electron system of an atom, 
resulting in a change in the total atomic energy from W x to W 2 , the 
atom emits a quantity of energy W 1 - W 2 as monochromatic electro¬ 
magnetic radiation of frequency v, which is determined by the equation 

W x - W 2 

h, 

where h represents Planck’s constant. 

For many reasons, of which we shall here mention two, we must 
assume that the changes which give rise to X-ray spectra take place in 
the inner region of the envelope of electrons. The first of these Jjwjql. 
reasons is : phe X-ray spectrum is an atomic property, which in general 
is quite independent of the chemical nature of the element. The second 
is,that.the frequencies involved in X-ray spectra are very great in com¬ 
parison, to those of optical spectraAand are therefore associated, according 
to the above equation, with correspondingly large energy changes, which 
necessarily involve electron orbits of high energy content. 

From the striking characteristic that Rontgen spectra differ only 

very slightly as we pass from element to element through the whole 
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atomic system, we may at once infer that the inner portions of the atoms 
are built up on very much the same plan. The regular increase of all 
frequencies with increasing nuclear charge is an evident consequence of 
the increase of the intensity of the electric field within the atom. 

The second important feature of X-ray spectra, namely, the wide 
reparation of the various groups, of spectrum lines , points to a correspond¬ 
ingly large energy difference even between certain inner electron groups 
and those still nearer the nucleus. 

The excitation of the characteristic radiation is always accompanied 
by the ejection of an electron from the atom. This idea is the foundation 
of Kossel’s explanation of the mechanism of emission of X-r^ys. Let us 
suppose with Kossel, as the first step in emission, that an dectron jrom an 
inner electron group) is thrown entirely out of the ato m by the impact of a 
cathode particle, or by the absorption of energy from primary Rontgen 
radiation. If this electron is taken from the innermost group we 
sp eak of a K excitation, if from the second group, of an L excitation, 
etc. The electron groups involved are thus called the K group, the 
L group, etc. 

The second step in the emission process consists in the return of 
electrons to fill these vacancies, an event which may take place in several 
-different ways. If an electron is missing in the K group, its place will 
most probably be filled by an electron from the adjacent h group. The 
energy change in the atom in this case is manifested as a K radiation, 
and the most probable transition corresponds to the strongest line of the 
K series, the Ka line ; if the electron comes not from the L but from the 
M group, the result is the radiation of the K/3 1 line. Thus, through 
the falling back of electrons from the outer groups into the innermost 
one, we obtain a series of spectral lines which, taken together, constitute 
the K series. 

We may think of th e L ser ies as arising in a similar way ; firsts an 
electron is .ejected from the L group, and then this vacancy is filled by 
an electron falling from the M } the A 7 , the 0 4 or the P group. 

There is considerable support for this conception of the mechanism 
of radiation, as Kossel showed by the following considerations. We may 
say, for example, th at t he vacancy in the K group may be J1 Ued in„ .two 
ways; either an electron falls from the M group directly into the K 
.group, giving rise to the K$ line, or an electron falls from the L group 
into the K group, emittingJbhe Ka line, while the position thus made 
yaqani, in the ,L iu group is filled.-by an electron from the .if group, aryi 
isimultaneously„ „t]he La line is emitted* , Since, according to the Bohr 
frequency condition, the three frequencies are given by differences formed 
from the three values of the atomic energy, we have the relation 

Kp~L a +K a , 


(34) 
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where K a , Kp, and L a are the frequencies of the three lines. Or in terms 
of atomic energies, if TF A - represents the energy of an atom lacking^ an 
electron in the K group, W L the energy of an atom lacking, an. electron 
in the L group, and W v the energy of an atom lacking an electron in the 
M group, then before the emission of the K a line, the atom contains 
the energy W A , afterwards the energy W L . Hence the Bohr frequency 
equation in this case is 

hK^Wx-W,. (35) 

Likewise, for the other two frequencies we have 

hKp = W K -W„ 9 (30) 

hL a — W L - Wy,. (37) 

By adding (35) and (37) and substituting in (30) we obtain the above 
equation (34). 

The measurements available even at the time Kossel enunciated his- 
principle very strongly supported his conclusions. The principle is- 
really nothing more than the Ritz combination principle carried over to 
the realm of Rontgen spectra. 

We shall forthwith restate these relations in a graphical form which 
has already proved its value as a clear and practical method of representa¬ 
tion. By means of horizontal lines we mark off on a vertical axis, as in 
Fig. 83a, the energy values of the atom. Instead of W K , W L and W xfv 
we employ preferably these values divided by h and denote them by 


K ->" 

(38> 

L -\ w " 

(39> 


(40) 


We are thus enabled to read the frequencies of the lines according to the 
Bohr freqtiency condition directly from the graph of these “ energy 
levels,” since, of course, 

JF/., etc. (41) 

Let us again call attention to the fact that the K level in the diagram 

represents ^ times the energy of the atom when an electron is removed 

from the K group ; the L level represents the same thing when an electron 
is removed from the L group, etc. Finally, the level marked ‘^normal 

I state ” represents ^ times the energy of the atom when all the electron 

■groups are fully occupied. 
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The K excitation consists in the complete removal of an electron from 
the K group ; graphically this signifies a transition from the normal 4 
state level to the K level, as indicated by the first vertical stroke. The 
return from the K level to the adjacent L level corresponds to the 
emission of K a , the softest and most intense of the K lines, whilst a drop* 
from the K level directly to the M level is accompanied by the emission 
of the K/3 line. The further extension of this scheme to illustrate by 
means of the levels the production of the various characteristic lines of 
the series is too evident to require further explanation. Since distances 
along the energy axis represent frequencies, so that the frequencies of the* 
lines concerned may be read Energy 
off directly, we see at once 
the truth of the equation 
(34). 

We have two methods of 
determining the energy dif¬ 
ference between the level of 
the normal state and the K 
level. One of these methods 
consists in determining the 
critical potential ( V 0 ) for the 
K series, by which just 
enough energ}' is given to the 
impinging electron to enable 
it, on colliding with an 
atom, to eject an electron 
from the K group. The 
other method is based on 
the determination of the fre¬ 
quency of the K absorption 
discontinuity. According to the Einstein equation e\\ — hv the atom* 
absorbs at this frequency a quantity of energy just equal to the energy of 
an electron moving with a velocity corresponding to the critical voltage T T 0 . 

It is a matter of considerable difficulty to determine the excitation 
voltages necessary to give the electrons these high velocities, and hence* 
in only a few cases has the voltage been measured experimentally with 
the required degree of accuracy. The second method, on the other hand,, 
as we have shown in Chapter V., is easily carried out, and the absorption 
spectra concerned have now been extensively investigated. We have 
stated the general result that there is one K absorption discontinuity, 
3 in the L series, and 5 in the M. We must, accordingly, modify our- 
level diagram in order to take account of these finer details afforded by 
experimental results. Thus we must introduce 3 L levels and 5 M levels in 


fl 

\ Electron re¬ 

moved from, 
the Group 

i 

Koc /i 
\ 

a 

/ 

K-' 

K- 

Excitation 
Absorption \ 

let 

_ 1 _ 

4U 

— AJ 


L- 

L- 

M 

Excitation 

Absorption 



- /V 

1 Normal 

state 


Via. 83a. 
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place of the one of each kind shown in Fig. 83a. This enables us to explain 
in terms of energy levels why, as Duane has found in the case of tungsten, 
the Ka line is not a single line, as might be expected from the figure, but 
really consists of three very close components. The three components 
correspond to transitions from the three L levels to the single K level. 
In the same way, instead of one line corresponding to a transition from 
the M level to the L level, we have no fewer than 15 lines, corresponding 
to transitions from the 5 M levels to the 3 L levels. Nevertheless, not 
all of these 15 lines actually occur, for their number is limited in a 
manner expressed by certain selection rules, to be discussed later, just 
as in ordinary optics we find experimentally not all, but only a small 
fraction of the lines which may be calculated from the Ritz combination 
principle. The three components which Duane found in the case of 
tungsten, and which correspond to the three possible combinations of the 
L levels with the single K level, have been observed only for this one 
element; in all other cases only two of them are present. The third line 
belongs to a transition forbidden by the selection rule. 

We shall now show, by a few examples, the quantitative agreement of 
the level diagram. From the tables of K absorption spectra and from 
the measurements of the absorption edges L 1} L 2 and L s by Duane, we 
•obtain the following values of the levels : 

V 

R 

Tungsten K 5118 ±2, 

L x 750*0, 

L 2 849-6, 

L 3 889-9, 

v is here chosen as the measure of the energy, where = 109,737, the 
Ji 

Rydberg constant. From our level diagram we obtain for the three 
K lines 

K ai ~K -L x , 

K a2 = K-L. 29 
K a: ~K-L. s . 

In the following table the experimentally determined frequencies of 
the lines, divided by the Rydberg constant, are compared with the 
corresponding frequencies calculated from the diagram by the use of the 
absorption frequencies. 

v V 



R 


R 

-Ka, 

4368-7 ±0-6 

K-L x 

4367 ±2 

K a , 

4270-3 ±0-6 

k-l 2 

4268 ±2 

K aa 

4239 ±20 

k-l 3 

4228 ±2 


The agreement is thus complete within the limit of error. 
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Let us now make use of the diagram of Fig. 83 b to show the rela¬ 
tions involved in transitions from the 5 M levels to the 3 L levels. 


£ 

R 


[203l0M)/tJ 


[l3SWH>ft] 


[6770m] 

362 


1603 


15*0 \ 

n 


1263 







i 

T 

! 

1 

1 

i 

i 


i 

l 

t 



1 
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W— 

u 






3 

i 
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... Mu . 1- 

ML—2- 
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□ 


z . *■ 


b 


2i 

- L 3 . i-b 


-L f 2■ a 
n 


"Fig. 83li. Diagram of the L and M levels of uranium, together with transitions whieli have 

been observed. 


All the L and M levels are here drawn to proper scale on the ~ axis. 

v ** 

The numerical values of the energy levels, expressed in terms of ^, are : 


V V 

R R 


l 3 

1603 

M b 

409 

L t 

1540 

m 4 

382 

L i 

1263 

m 3 

317 



M s 

274 



Mi 

261 


The observed lines correspond to the transitions indicated in the 
diagram by the vertical arrows, on which are also recorded the 

designations of the lines and their wave-lengths. The values of 

calculated from the energy levels are placed in the following table along 
Avith the observed values. 
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TABLE 27. 


Transition. 

~ calculated. 

1{ 

observed. 

Designation of lines. 

L.-M, 

854 

855-8 

1 


989 

990*4 

«2 


1002 

1003-2 

«i 

L t -M h 

1131 

1134-9 

V 

~ ^2 

1266 

1269-1 

ft 

l 3 -a/ 4 

1221 

1222-5 

ft 

L.j — 3 

1286 

1286-3 

ft 


Here also the agreement is as good as could be expected. Further¬ 
more, it is apparent that if we accept the level diagram as representing 
the facts, we may derive the values of the energy levels from the lines 
instead of from the absorption measurements. Since the lines may be 
determined throughout with greater accuracy than the absorption limits, 
we may in many cases prefer to calculate the levels in this manner. 

It thus becomes quite certain that instead of working with the simple 
diagram of Fig. 83 a all levels except the K level must be made multiple. 
The interpretation we have given to these energy levels is that the K 
level represents the energy of the atom when an electron has been removed 
from the innermost, or K group ; the L level represents the energy when 
an electron is missing from the L group, etc. The question then arises 
as to how the multiplicity of the L, M, N levels is to be explained. Two 
explanations are possible : either we may suppose that when an electron 
is removed from one of the inner electron systems of the atom the remain¬ 
ing electrons arrange themselves in a somewhat changed configuration, 
which might take place in different ways ; or it may be that the electrons 
of the same group (i.e. the L group, or the M group, etc.) have not all the 
same energy value, and hence the work required to remove different 
electrons of the same group is not the same. As will be shown later, there 
is strong support for the assumption that there is really truth in both 
these explanations. In the case of the K group, however, all of its 
electrons have the same energy value, and the removal of one of these 
electrons gives rise to a unique arrangement of those that remain. 

30. Doublets in X-ray Spectra 

Sommerfeld, who has applied himself to the theoretical investigation 
and explanation of Rontgen spectra with such fruitful results, very 
early called attention to the existence in the emission spectra of charac¬ 
teristic line doublets. Farther on we shall discuss the explanation which 
Sommerfeld has proposed for these doublets on the basis of the Bohr 
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theory. Here, however, we shall consider the numerical results which 
are afforded by the available wave-length measurements. 

The upper portion of Fig. 84a represents the L spectrum of tungsten. 

For better comparison the frequencies (^j from 500 to 900 are laid off 
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upon a horizontal line. On examining these lines closely we find that no 
fewer than ten of them may be grouped in doublets which have the same . 
frequency difference. In this same figure we have two K lines and the 
L absorption spectrum drawn on the frequency scale, and we observe 
that the same frequency difference enters here also. From the numerical 


values of 4 
K 

we obtain the 

following differences : 




L series : 

7/ 642*78 

0! 712-39 

y 5 807-00 

7x 831-81 

7e 

850*07 


l 544*03 

a 2 613*85 

/3q 708-00 

733-76 


751*56 

K series : 

98*75 

<2] 4368*5 
a 2 4270*0 
98*5 

98*54 

99*00 

L limits : 

98*05 

L 2 849*59 
L x 750*88 
98*71 


98*51 


Thus, within the limits of error, all these doublet differences from the K and 
the L series in the emission and absorption spectra have the same value. 
Table 28 shows in a similar way that this regularity obtains in general 
for analogous lines in the spectrum of other elements, but, of course, 
the magnitude of the doublet difference varies from element to element. 

From the level diagram we derive at once the formal explanation of 
these doublets. The frequency differences which we have here calculated 
in various ways is simply the difference between the two energy levels 
L x and L 2 ; the last difference is, in fact, obtained directly from these 
levels. The two K lines are due to transitions from the L x and L 2 levels 
to the common K level, while the pairs of L lines correspond to transi¬ 
tions from a common level of origin to L x and L 2 as final levels. Herein 
we have an excellent means of determining by calculations to which 
levels the various lines belong. 
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TABLE 28. 


Frequency differences of the L X L 2 doublets. 


Element. 

K(a v —a t ). 

X(W). 

1 U8 X — a 2 ). 

Uvr—h). 

L(yi—Pi)' 

£(Yc—&). 

17 Cl 

013 

— 


— 

— 

_ „ 

19 K 

0-22 




— 

— 

20 Ca 

0-26 

— 


— 

— 

----- 

21 Sc 

0-34 

- ■ 

— 




22 Ti 

— 


. .. 

. - 

— 

— 

23 Va 


— 

— 



— 

24 Cr 

0*72 

— 



— 

— 

25 Mn 

— 


— 

— 

- - 

— 

26 Fe 

102 



--- 

— 

-- 

27 Co 

M0 


— 

— 

- - 

— 

28 Ni 

1-30 

— 




— 

29 Cu 

1-49 



i 


. - 

30 Zn 

1*69 

— 


i 

— 

— 

32 Ge 

1-69 


— 

-- 


— 

33 As 

2-62 

— 

- - 


— 

— 

34 Se 

2-99 

— - 


- 

— 

-- 

35 Br 

3-40 

— 


— - 


- ■ 

37 Rb 

4-38 


-— 

4*44 

- - 

— 

38 Sr 

5-0 

4*90 


5*00 

— 

-- 

39 Y 

5-5 

_ . 

— 

— 


- - 

40 Zr 

6-2 

6*11 


6*20 

6*10 

— 

41 Nb 

7*0 

7*10 

6*90 

— 

6*98 


42 Mo 

7*7 


j 7*65 

— 

7*81 

- 

44 Ru 

9*5 

— 

9*49 

9*51 

9*46 

— 

45 Rh 

10-5 

10*54 

10*53 

10*40 

10*47 

— - 

46 Pd 

11*6 

11*48 

11*57 

11*66 

11*58 

— 

& Ag 

12*9 

12*64 

12*69 

12*77 

12*56 

- | 

48 Cd 

14*1 

13*82 

13*97 

13*98 

13*93 


49 In 

— 

15*24 

15*29 

15*27 

15*25 


50 Sn 

16*9 

16*69 

16*72 

16*78 

16*61 

_ 

51 Sb 

18*0 

18*31 

18*30 

18*26 

18*21 

— 

52 To 

20*2 

— 

20*00 

20*03 

19*86 

— 

53 I 

— 

— 

21*70 

— 

36*71 

— 

55 Cs 

— 

— 

25*59 

25*77 

25*43 

— 

56 Ba 

— 

27*69 

27*74 

27*95 

27*63 

— 

57 La 

— 

29*55 

30*01 

30*19 

29*83 

—. 

58 Ce 


— 

32*35 

32*56 

32*31 

— 

59 Pr 


35*47 

35*02 

35*11 

34*79 

— 

60 Nd 

— 

37*77 

37*86 

37*76 

37*72 

— 

62 Sin 

— - 

43*70 

43*95 

44*17 

43*65 

— 

63 Eu 

— 

— 

47*17 

47*29 

46*88 

— 

64 Gd 



50*64 

51*08 

50*47 

— 

65 Tb 


— 

54*36 

54*41 

54*18 

— 

66 Dy 

-— 

58*53 

58*27 

58*25 

57*46 

— 

67 Ho 

— 

62*48 

62*43 

61*66 

61*60 

— 

68 Er 

— 

67*08 

66*81 

66*74 

65*67 

— 


— L\. 


29-4 
31-7 
34* 1 
37 «2 
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Element. 

K (a]—a*). 

T4v-l). 

L(0i— a-i). 


L(y i-ft). 

/-faiHM. 


70 Yb 

— 

76-57 

76-08 

76-35 

75-48 

_ . 

_ 

71 Lu 

— 

81-54 

81-11 

81-20 

80-24 

- - 

. 

72 Hf 

— 


86-26 

— 

85-80 

.... 

... . 

73 Ta 

—- 

93-33 

92-68 

91-99 

91-64 

92-33 


74 W 

98* r> 

98-75 

98-54 

99-00 

98-05 

98-51 

98-71 

76 Os 



111-08 

— 

110-67 

— 

- 

77 Ir 

— 


118-64 

. _ 

117-57 

119-49 

— 

78 Pt 

~ - 

1 126-18 

125-92 

— 

--- 


146-39 

79 Au 


1.14-34 

133-80 

134-50 

132-37 

133*42 

135-55 

80 Hg 

-- 

158-66 

142-17 

150-78 

„ . 


142-20 

81 T1 

— 

— 

150-49 

149-65 

148-96 

151-22 

150-75 

82 Pb 


159-20 

160-02 ! 

160-33 

158-39 

160-25 

160-97 

83 Bi 

- - 

168-25 

169-73 

168-78 | 

167-82 

169-57 

168-81 

90 Th 

- - 

j 

250-86 


247-81 

251-26 

250-0 

92 U 

- 

279-11 

278-71 

■ 

276-28 

279-33 

276-6 


TABLE 29. 

Wave-length differences of the I- x L t doublets. 


Element. 

K( a 2 --ai). 

W - vh 

U at-fit). 

1 Y.>). 

| L(Po —Yi). 


In /<> 

17 Cl 

3-15 

- . 

_ 

' _ 

_ 

— 

— 

19 K 

3-39 




j 



20 Ca 

3-26 




! — - 



21 So 

3-37 

. - 

— 


- - 

— 


22 Ti 

3-64 

■ 


- 


„ 


23 Va 

3-78 

— 





--- 

24 Cr 

411 


— 



— 


25 Mn 

___ 





__ 


26 F© 

4-21 






‘ 

27 Co 

4-28 






— 

28 Ni 

3-93 



— 


— 


29 Cu 

3-86 

- 




— 

-- 

30 Zn 

3-81 

■ 






32 Cle 

2-91 


! 




- ■ 

33 As 

3-97 

i 

1 

j 

— 

— 


34 Se 

4-01 

1 

j 


i 


— 

— 

35 Br 

4-04 


, 


— 

— 

- ---• 

37 Rb 

4-12 


! — 

228-9 


i 


38 Sr 

4-17 

316 

: — 

224-2 

— 

~~ 

.. . 

39 Y 

4-18 

— 


— 


— 

— 

40 Zr 

4-21 

304-9 

— 

212-5 

200-4 


-- 

41 Nb 

4-25 

314 

237-4 

— 

201-2 

— 


42 Mo 

4*28 

— 

234-2 

“ • 

198-1 

— 


44 Ru 

4-34 

— 

232-67 

199-8 

189-08 

— 

— 

45 Rh 

4-36 

295-8 

231-56 

194-9 

186-4 

..... 

.... 

46 Pd 

4-39 

289-4 

229-30 

195-4 

184-34 

— 

— 

47 Ag 

4-43 

287-5 

227-18 

192-1 

178-98 

— 
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Table 29 — Continued. 


Element. 

K (a;j-— a]). 

m-r,). 

L(a;»—/3j), 

L(0, 

14&2- Vi). 

—7ft) • 

W-L t . 

48 Cd 

4-43 

283-8 

226-28 

189-2 

178-40 

— 

— 

49 In 

4-43 

283-2 

224-59 

186-2 

175-91 

— 

— 

•50 Sn 

4-47 

281-5 

233-16 

184*8 

! 172-97 


— 

51 Sb 

4-55 

280-7 

222-39 

182-2 

171-53 

-- 

163-5 

52 Te 

4-54 

— 

221-03 

181-3 

! 169-63 

- - 

163-3 

53 I 



219-94 

— 

168-60 

— 

164-1 

55 Os 

— 

- 

217-76 

176-4 

163-88 


160-5 

56 Ba 


271-6 

216-78 

174-9 

162-70 

— 

158-2 

57 La 


266-0 

215-63 

173-1 

160-80 


152 

58 Ce 


— 

214-11 

171-3 

159-77 

— 

151 

59 Pr 


271-0 

213-73 

169-8 

157-99 

— 

149 

60 Nd 

- 

266-1 

213-42 

168-0 

157-57 

— 

150 

62 Sin 

— 

263-0 

212-11 

167-1 

155-01 


— 

-63 Ku 

— 


21102 

165-5 

153-90 


... 

64 (id 



210-16 

165-5 

153-27 

— 


65 Tb 

— 

— 

209-63 

163-3 

152-40 



66 Dv 

- 

261-8 

209-06 

162-5 

150-10 


— 

67 Ho 

— ! 

260-0 | 

208-54 

159-8 

149-50 

— 

— 

68 Ei- 


260-3 

207-96 

160-6 

148-30 

j 

- 

70 Yb 


259-0 

206-4 

159-7 i 

148-00 



71 Lu 

- 

258-0 

205-66 

158-3 | 

146-90 

..._ 


72 Hf 


_ j 

204-60 

! 

146-70 


— 

73 Ta 

-- 

258-7 

205-86 

156-7 

146-29 

140-6 


74 W 

— 

257-35 | 

205-35 

157-9 j 

146-38 

140-5 

141 

76 Os 



203-61 

_ j 

145-91 

— 

—- 

77 lr 

— ] 

.... 

204-44 


144-46 

139-4 

— 

78 Ft 

— 

257-13 

203-99 

154-3 | 

144-05 

148-4 

138-3 

79 Au 

— 

257-04 

203-96 

156-4 

143-38 

136-92 

139-0 

80 Hg 

-- 

256-4 

203-90 

163-0 j 

— 

— 

136-7 

81 T1 


- 

203-37 

153-8 

142*57 

136-6 

136*1 

82 Pb 

— 

256*42 

203-62 

154-9 

142*82 

135-82 

136-4 

83 Bi 


255*95 

204-00 

153-8 ! 

142-28 

134-9 

134-4 

90 Th 

----- 

— 

202-65 

— 

140-05 

132-49 

131-0 

92 U 

i 

261-87 

202-07 

--- 

139-85 1 

131-53 

129*6 


A second characteristic feature of these doublets appears from Fig. 73 
<p. 110). The L series of spectra are here represented on a scale of 
wave-lengths instead of frequencies as in Fig. 84a, and it may be seen at 
•once that the wave-length difference of the doublets Irj , a^, etc., remains 
j practically constant from element to element . A collection of these doublet 
wave-length differences for elements ranging from Cl (17) to U (92) is 
presented in Table 29. 

These doublets, which, according to the energy level diagrams, arise 
from the two levels L x and L 2 in the L group, are explained by Sommerfeld 
in terms of the relativistic variation of mass of the electron. For this 
reason they are often called relativity doublets . Sommerfeld and Wentzel 
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TABLE 30. 


Wave-length differences of several relativity doublets in the M and 

A T groups of levels. 



L(a a —aj) 

LUiJ/s). 

U04—P») 

( MiMo ). 

M( as-a.) 
UViX-j). 

L(yi —y i) 
WM- 

92 U 

11-81 

37-0 

204 

12 

7-4 

90 Tin 

11-82 

36-9 

207 

9 

— 

83 Bi 

12-1 

39-7 

223 

10 

5-5 

82 Pb 

11-50 

38-7 

" 

— 

4*5 

81 T1 

11-32 

39-3 


— 

6-8 

SO Hg 

11-2 

38-5 

— 

— 

— 

79 Au 

11-34 

— 

— 


5-6 

78 Pt 

11-13 

40-3 

— 

— 

6-1 

77 Ir 

11-05 

38-5 

- 

— 

7-0 

76 Os 

10-04 

37-8 

— 

— 

— 

74 W 

11-04 

38-7 



6-2 

73 Ta 

11-15 

38-9 

— 

— 

5-8 

72 Hf 

10-5 

— 

• — 

--- 

— 

71 Lu 

10-85 

39-0 

— 

— 

5-7 

70 Yb 

1 Ml 

38-8 


— 

5-8 

68 T2r 

11-00 

38-5 

— 

— 

6-6 

67 Ho 

1 1-08 

39-3 

- 


6-4 

66 Dy 

11-04 

39-0 


- 

6-4 

65 Tb 

10-82 

38-9 


— 

5-5 

64 Gd 

10-69 

38-4 

— 

— 

5-1 

63 Eu 

11-00 

39-4 

— 

— 

6-2 

62 Sm 

10-67 

38-4 


----- 

4-2 

60 Nd 

10-32 

40-0 

-- 

— 

4-9 

59 Pr 

9*93 

37-7 

- 

— 

5-1 

58 Ce 

0-11 

38-3 

— 


5-0 

.57 La 

9-25 

38-5 

~ . 

— 

5-0 

56 Ba 

9-38 

38-8 

— 


4-5 

55 Cs 

9*50 

37-57 

- 

— 

5-2 

53 I 

9-21 I 

39 

— 


— 

52 Te 

9-01 

38-7 




51 Sb 

8-98 

39-16 

— 

— 

— 

50 Sn 

8-90 

37-4 


— 


49 In 

8-75 

! 37-1 

— 


— 

48 Cd 

8*54 

37-83 


— 

— 

47 Ag 

8*18 

36-65 

—- 

— 

—• 

46 Pd 

8-10 

36-6 


— 

— 

45 Rh 

7-78 

36-5 

— 

— 

— 

44 Ru 

8-00 

36-2 

— 

— 


42 Mo 

5-7 

35-6 

— 

— 

— 

41 Nb 

5-7 

35-5 

— 

— 

— 

40 Zr 


34-5 

— 

— 

— 

39 Y 

— 

34-1 


— 

— 

38 Sr 

-- 

35-6 

— 

— 

— 

37 Rb 

i 

32-9 

— 

— 

— 


s.s. L 
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have also proposed the name “ regular 99 doublets. Quantitatively, the 
characteristic of relativity doublets is that wherever a certain doublet 
appears in the spectrum of a given element , its frequency difference is a 
constant , while the wave-length difference of a given doublet remains nearly 
constant from element to element. 

There are a number of relativity doublets among the lines of the 
several series. We have explained those given in Tables 28 and 29 in 

terms of the energy level 
diagram as depending on the 
L l9 L 2 levels, which have the 
character of a relativity doublet, 
and this characteristic enters 
into all transitions in which 
these two levels play a part. 
Several such pairs appear in 
other energy level groups. 
Table 30 contains the wave¬ 
length differences of five of 
these doublets, and at the top 
of each column not only the 
lines are indicated but also the 
energy levels giving rise to the 
doublets. 

Wc see from this table that 
the difference in wave-length of 
two lines forming a doublet is 
in reality very nearly constant 
for different elements. Never¬ 
theless, it is to be expected 
that there are some pairs of 
lines which manifest this same 

characteristic but which are 
*'ia. 84U. Moseley dinicrum for tlie L absorption limits. ^ truly relativity doublets. 

A second type of very characteristic doublets in Rontgen spectra 
was discovered by Hertz. These doublets also indicate a doubling of 1 
the energy levels within the same groups ( L , M and N). In the emission 
spectra this doubling is never manifested by simple line doublets, because, 
as we shall see later, such transitions are excluded by the selection rule. 
In the absorption spectra, however, where we obtain values of the energy 
levels directly, Hertz was able to demonstrate this doublet property. 
In Fig. 84 b the L limits are represented in a Moseley diagram, in which, 

as usual, the values of a/-~ are plotted as a function of the atomic 
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number. To the measurements of Hertz in this figure are added those 
of Lindsay and of Duane and Patterson. From this diagram it appears 
that the slightly curved lines, which represent the L 2 and L z limits run 

parallel to each other , and hence the difference A between these two 
energy levels is a constant. 

In Table 20 we have numerical values for the L series and in Table 21 


for the M series which show the constancy of this difference 



In 


the M group there are two pairs of energy levels, M 2 M z and M&, 
which form the Hertz doublets. Sommerfeld and Wentzel, to distinguish 
them from the former type, called these ones “ irregular ” doublets. 
Another term which expresses better their physical significance is 
“ screening doublets.” We have already stated that the multiple nature 
of a given group level, such as the L , may be explained on two separate 
bases. In the first place the electrons belonging to the group have 
different orbits, and hence, on account of the relativistic masses of the 
electrons, possess different quantities of energy; in the L group, for 
example, we have two such sub-groups of electrons, which give rise to a 
relativity doublet. In the second place we mentioned the possibility 
that when an electron is removed from a group those electrons which 
remain may arrange themselves in different ways and thus give rise to 
different energy levels. The Hertz doublets just mentioned are formed 
by levels which differ for this latter reason. Later we shall show how 
these doublets may be roughly explained by the screening of the nuclear 
charge. 


31. Sommerfeld *s Theory 

A great service was rendered by Sommerfeld when he drew attention 
to the fact that certain characteristic features of Rontgen spectra may 
be explained by the aid of very simple atomic models, which even afford 
to some extent a quantitative agreement with the results of experiment. 
His theory also bridged over the gap between optical and X-ray spectra, 
even though their general structures differ so much from each other. 

We have already referred several times to Moseley’s discovery of the 

very simple law which holds for all X-ray spectral lines, that is 

nearly a linear function of the atomic number. For the strongest line 
of the K series this relation, with numerical values of the constants 
inserted, takes the following form : 

(42) 


or 


(43) 



164 


ARRANGEMENT AND THEORY OF SPECTRA 


On the other hand, Bohr, in the work in which he laid down the 
fundamental principles of atomic radiation, showed that the line spectrum 
emitted by an atom consisting of a nucleus of positive charge Z and a 
single electron may be represented by the law 


R 


= Z 2 


(A 



(44) 


where 


_ 27r 2 mc 4 

-~P * 


This formula applies only to transitions from the nth. to the innermost 
orbit. For the first line of this series we have 


R 


= Z 2 



(45) 


which has the same form as the law which Moseley found for the Ka line- 
in the special case Z = 1, the latter Bohr formula gives the first line of 
the ultra-violet or Lyman hydrogen spectrum ; when Z = 2 it gives the 
corresponding line for ionized helium. For Z = 3 the formula should 
represent the line for doubly ionized lithium, but the corresponding 
spectrum has not yet been observed experimentally. 

Experiments show that these lines of hydrogen and helium, as well 
as the Ka line of X-ray spectra, are not single lines but double ones. 
Now when Sommerfeld, by an extension of the Bohr formula for hydrogen, 
was able to explain the optical doublets, he suggested that the Ka doublet 
might be explained in the same way. 

For the generalized case of the hydrogen atom model, that is, a nucleus 
of positive charge Z, accompanied by a single electron which describes a 
Kepler ellipse of quantum number n, the energy W is given by 


JF Z 2 
Eh n 2 9 


(46) 


and this formula combined with the Bohr frequency condition 


V — 


Ek 

h 


W 2 

h 


(47) 


results at once in the above formula (44) for the transition from quantum 
orbit n to quantum orbit 1. 

\ In establishing the energy expression (46) the variation of mass as 
required by the theory of relativity was ignored. Sommerfeld, however, 
carried out the calculation of the energy of the generalized hydrogen 
atom, taking into consideration this relativistic mass of the electron. 
The expression (46) then becomes, if we neglect all terms of the series 
after the first two, 


W Z 2 % Z*(n 3\ 
hR~n* +a n 4 \k 4/’ 


( 48 ) 
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where a is a small constant given by 



= 5*315.10- 5 . 


(49) 


n denotes the principal quantum number, and k the auxiliary quantum 
number ; the latter has reference to the departure of the Kepler motion 
from the simple periodic orbit, and k cannot be greater than n. 

In the case of the one quantum orbit, where w=fc = l, the energy 
expression (48) is uniquely determined. There is only one type of one 
quantum orbit—the circular orbit—and the energy content has but one value . 
If the principal quantum number is 2 the auxiliary quantum number 
may be either 1, corresponding to an elliptic orbit, or 2, corresponding to 

a circular orbit. The principal term ^ in the energy expression has, of 

course, always the same value, regardless of k, but the smaller second term 
has two separate values, so that in the two quantum orbit the relativity 
effect is manifested in two ways. In the same manner the principal 
quantum number 3 gives rise to a threefold energy level on account of 
the three possible values of k. 

,V~ We may now compare the energy levels calculated for the generalized 
j hydrogen atom with the K, L, and M levels of the X-ray spectra. The 
relations for X-ray spectra are considerably more complicated, because 
more than one electron is revolving round the nucleus. In addition to 
the electron which gives rise to the radiation by its transition from one 
quantum orbit to another, we have to consider always the entire system 
of electrons, which are not entirely undisturbed by the changes taking 
place. More important still is the fact that the electric field, which deter¬ 
mines the energy of the radiating electron, is also modified in a very great 
degree by the presence of the other electrons. We can take account of 
the effect of these surrounding electrons by introducing, instead of the 
actual nuclear charge, a corrected value which is called the effective 
nuclear charge. Further, we make the reservation that the correction 
to the nuclear charge is not necessarily the same in both terms of the 
energy equation (48). In the first term, which represents the greater 
part of the energy, we have the influence of the entire orbit, the outer 
portion of which is “ screened ” from the nucleus much more than the 
inner. For the second term, in which the variation of mass of the electron 
is the important factor, the inner portion of the orbit, where the greatest 
change in velocity occurs, will exercise the greatest influence. 

In the energy expression (48) we therefore replace Z in the first term 
by Z-s n , in the second term by Z-d , and thus obtain for the energy 
necessary to remove an electron from an n k orbit the expression : 


W (Z-eJ JZ-d)* 
Eh~ it 2 n 4 



( 50 ) 
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For the transition from a two quantum to a one quantum orbit, 
introducing the Bohr frequency condition 

W 2 


we obtain as a first approximation, by neglecting the second term, 

R l 2 2 2 ‘ 


(51) 


We have denoted the screening constants by s x and s 2 , since they must 
depend in general on the quantum number, and on the magnitude and 
form of the orbit determined by it. Moreover, it must be supposed that 
these corrections to the nuclear charge depend not only on the principal 
quantum number but also on the auxiliary quantum number, as well as 
on the total number of electrons in the atom. According to the hypo¬ 
theses of Bohr the electrons, particularly of higher quantum number, 
move in orbits extending from the surface of the atom even to its inner¬ 
most parts near the nucleus. The form and size of the orbit, being 
determined by the two quantum numbers and the total number of 
electrons, will also have an influence on the screening. 

A comparison of equation (51) with the empirical Moseley formula (43) 
shows, however, that for the first two quantum orbits we may put as a 
first approximation s 1 =s 2 = 1. The two equations then become identical. 
But we know that the Ka line is double and not single, as is assumed in 
the Moseley formula. Sommerfeld has shown that the fine structure of 
the hydrogen lines may be explained by formula (48), which takes account 
of the relativity effect. In particular, he showed that the first line of the 
ultra-violet series, which represents a transition from a two quantum to 
a one quantum orbit, is double on account of the two possible values 
of k. In spite of the numerous electrons in the atom, the disturbing 
influence of which would certainly complicate matters for X-ray spectra, 
we may yet undertake to explain the double nature of the Ka line in the 
same manner. The agreement of the Moseley formula with the general 
formula (51) seems to afford very strong support for this view. 

Let us again turn to the general Sommerfeld formula (50) and con¬ 
sider the significance of the relativity term, for the transition from the 
\ two quantum to the one quantum orbit. For the one quantum orbit we 
/feet only one value for the energy, since in this case n and k are each unity. 
The two quantum orbit, however, affords two values of the energy differing 
slightly from each other. They correspond to the two possibilities 

1. n =2, k = l ; 
and 2. n—2 } k =2. 

The doubling of the energy level means, however, that the associated 
lines must also be double. 
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We obtain the frequency difference directly from the difference of 
the two energy expressions for the two quantum orbit, i.e . 


A 


V 

R 


~ a 2 4 


5 (Z-d 2 )* 1 
4 2* 4' 


(52) 


We have here denoted the screening constant for the auxiliary quantum 
number 1 by d 3 and for the auxiliary quantum number 2 by d 2 , since they 
depend in general on the form of the orbit (and really also on the number 
of electrons in the atom). If we assume provisionally with Sommerfeld 
that d x =d 2 =d we have for the frequency difference the simple expression 



(Z-d)* 

»)4 


(53) 


An analogous calculation for the simple hydrogen atom gives 

A 5 = §* =0 ' 332 ’ 10 5 ’ 


(54) 


which, of course, results as a special case of (53), for the nuclear charge 
is here Z = 1, and, since there is no screening effect, d =0. As Sommerfeld 
points out, we find the hydrogen doublet repeated in the X-ray spectrum 
and increased by the factor (Z -rf) 4 . It is the numerical agreement with 
the measurements which really gives confidence in the validity of these 
energy calculations, for, as has been stated several times, such idealized 
conditions are assumed in the derivations that, logically speaking, any 
lack of agreement shoiild hardly occasion surprise. Sommerf eld’s 
intuition was particularly fortunate in this case, however, and the agree¬ 
ment with the values obtained from the empirical formula is astonishingly 
close. 

Since the frequency difference of equation (53) depends on the dual 
nature of the two quantum energy level, according to the general Bohr 
hypotheses and the resulting frequency equation, it should make no 
difference whether the two quantum orbit is the initial or the final orbit 
of the electron concerned in the emission process. In the preceding 
discussion we have assumed exclusively the former case, in which the 
transition is from the double two quantum to the single one quantum 
energy level. But for numerical comparisons we may just as well use 
the doublet lines which arise when the two quantum orbits are the final 
ones, and the initial orbit is one and the same orbit of higher quantum 
number. The frequency difference in this case must be exactly the same. 
That this is actually the case appears from our discussion of the doublets 
as calculated from the line measurements. For example, the frequency 
difference for a given element of the two lines Ka x and Ka 2 was shown to 
be the same within the limits of error as that of the tw^o lines L fil and 
La. tt of the L series. A recent series of measurements of the K doublet 
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TABLE 31. 


Measurements by Leide. 



A Jr 

A' ai —A ' a2 

M L* t 

41 

Nb 

6-94 

6-89 

42 

Mo 

7-74 

7-70 

43 

— 

— 

— 

44 

Ru 

9*55 

9-49 

45 

Rh 

10-53 

10-48 

46 

Pd 

11-63 

11-56 

47 

Ag 

12-85 

12-69 

48 

Cd 

14-13 

14-07 

49 

In 

15-33 

15-29 

50 

Sn 

16-91 

16-73 

51 

Sb 

18-59 

18-29 

52 

Te 

20-18 

19-94 


in a region where the corresponding 
L doublet has also been accurately 
measured is shown alongside, with the 
permission of Mr. Leide. Throughout 
this region only the old and less accurate 
measurements of the K series were until 
recently available, while for the lighter 
elements, whose K series is well deter¬ 
mined, the L series doublets cannot be 
obtained by present methods. Leide\s 
results show that we are quite justified r 
both theoretically and experimentally, 
in obtaining the frequency difference 
of equation (53) from either the Ka 
doublet or the corresponding doublets 
in the L series. 


In Table 32 the second column contains the values of A* calculated 

li 

from the L doublets (since these are more accurate than the K doublet)- 
In the third column are these values of A^, divided by ( Z-d ) 4 , where 
the screening constant d is taken to be 3*5. From formula (53) this. 


TABLE 32. 


z 


. A v 
(Z- n 

d 

z 


1 a *' 

i * 

(/—:v:») 4 R 

41 Nb 

6-89 

0*349 

3-50 

64 Gd | 

50-64 

0-378 

! 3-52 

42 Mo 

7-70 

0-351 

3-47 

65 Tb 

54-36 

0-380 

3-51 

44 Ru 

9-49 

0-355 

3-46 

66 Dv 

58-27 

0-382 

3-51 

45 Rh 

10-48 

0-355 

3-47 

67 Ho 

62-43 

0-384 

3-50- 

46 Pd 

11-56 

0-348 

3-48 

68 Er 

66-81 

0-386 

3-50 

47 A g 

12-69 

0-354 

3-51 

70 Yb 

76-08 

0-389 

! 3-5 

48 Cd 

14-07 

0-358 

3-48 

71 Lu 

81-11 

0-391 

3-3 

49 In 

15-29 

0-357 

3-5Q 

72 Hf 

86-26 

0-392 

— 

50 Sn 

16-73 

0-358 

3-50 

73 Ta 

92-68 

0-397 

3-48. 

51 Sb 

18-29 

0-359 

3-50 

74 W 

98-54 

0-399 

3-51 

52 Te 

19-94 j 

0-361 

3-50 

76 Os 

111-08 

0-402 

3-49* 

53 1 

21-70 

0-361 

3-51 

77 Ir 

118-64 

0-406 

3-50- 

55 Cs 

25-59 

0-356 

3-52 

78 Pt 

125-92 

0-409 

3-51 

56 Ba 

27-74 

0-365 

3-54 

79 Au 

133-80 

0-412 

3-49» 

57 La 

30-01 

0-366 

3-54 

80 Hg 

142-17 

0-415 

— 

58 Ce 

32-35 

0*367 

3-56 

81 T1 

150-49 

0-417 

3-50 

59 Pr 

35-02 

0-369 

3-54 

82 Pb 

160*02 

0-421 

3-44 

60 Nd 

37-86 

0-372 

3-51 

83 Bi 

169-73 

0-425 

3-42 

62 Sin 

43-95 

0-375 

3-50 

90 Th 

250-86 

0-448 

3-43 

63 Eu 

47-17 

0-378 

3-52 

92 U 

278-71 

0-465 

3-49 





SOMMERFELD’S THEORY 


169 * 


a 2 

should give the constant the value of which is 0-332.10“ 5 . It may 

be seen from the table, and even better from the plotted values of Fig. 85 r 
that this number is approached asymptotically for the lower atomic- 
numbers. | The simple formula (53) was obtained, however, by con¬ 
sidering only the first term of the development which expresses the 
relativity effect. Sommerfeld carried the comparison a step farther by 
bringing in the second term of the series. The excellence of the numerical 



kiu. s:>. 


agreement then obtained is shown in column d of Table 32. Sommerfeld 
calculated these values, using the complete formula 

a v a 2 ,~ 5 a 2 ~ JVO 53a 4 .~ 1 ,_, v 

{Z—d) l ,> ^>2 (Z ~ d) +’g ^4 {Z—d) . . .J 

and obtaining from it the screening constant d for the various elements. 
The value of a 2 used was the theoretical one, a 2 =5-315.10 -5 . Lt is. 
seen that d varies from 3-50 only within the limits of error, and that by 
using the entire relativity correction a full and numerically complete 
explanation of the doublets in the L series is obtained. 

The first approximation to the doublet difference, equation (53),. 

shows that, neglecting the screening effect, the frequency difference A^ 

V 

is nearly proportional to Z A . According to Moseley s law ^ for all the 

lines is approximately proportional to Z 2 , the screening effect being 
again neglected. Further, since 

1 

r= A> 

and hence A A = - 

it is at once evident that A A must be nearly constant from element U> 
element. This is, in fact, the second characteristic of relativity doublets 
which we have found empirically ; it is the result of the combination of 
the Moseley formula and of Sommerfeld’s equation (53). 
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It may be mentioned that several investigators have also made the 
attempt to calculate the screening constant from assumptions as to the 
number and position of the electrons in the innermost shells of the atom. 
Besides Sommerf eld himself, Kroo, Vegard, Debye and others have attacked 
the problem, and have arrived in this way at results which are numerically 
quite satisfactory. There are now such strong grounds, however, for 
opposition to some of the assumptions they make concerning the structure 
of the atom that we shall omit any review of the calculations or results. 

If we may apply SommerfekTs theory of the fine structure of X-ray 
spectra to higher quantum numbers, we should expect a division of the 
three quantum M level into three subordinate levels, because there are 
here the three possibilities : 

1. 3, A =1 ; 

2. w =3, k =2; 

and 3. n — 3, k = 3. 


Each such combination of quantum numbers requires a separate relativity 
correction. We should then have the following arrangement of quantum 
numbers and levels in the energy level scheme of Rontgen spectra : 


A' 

L 


■ h 

./ 2 1 

12 * 


M 


N 



42 

4 3 

^4 



In the higher levels the disturbing effect of the other electrons becomes 
so great that the analogy fails to a considerable extent. Instead of a 
triplet in the M level we find experimentally two doublets of a character 
similar to those which we have discussed in the case of the L level. In 
the same way experiment reveals three doublets of this type for the 
N level and two for the 0 group. 

The results of experiments show that the L level, for example, is not 
double but triple, and Hertz has pointed out that, in addition to the 
relativity doublet, there is yet a third energy level, which forms with one 
of the levels first named a doublet of different character. The same 








THE COMPLETE ENERGY LEVEL DIAGRAM 


171 


author indicated the explanation of this new doublet in terms of the 
atomic model. The characteristic of the Hertz doublet is that A / H 

Y jft 

is nearly constant from element to element. In the Moseley diagram 
the energy levels L 2 and Z/ 3 which represent as a function of the atomic 


numbers of the elements are nearly parallel straight lines. Starting 
from the expression (50) for the work required to remove an electron from 
the ^-quantum orbit, which, neglecting the relativity term, becomes 


W JZ-s? 
Rh n 2 ~ ’ 


(56) 


we obtain for the frequency associated with the level, replacing W by hi’, 

v (Z-s) 2 
R'~~n 2 ’ 


(57) 


(58) 


or in agreement with the Moseley diagram, 

\v _Z-s 
V*~“ n "* 

The screening constant s, however, in general, depends on the quantum 
numbers n and h. If we take, for the same n in the denominator, two 
different values s x and 6* 2 of the screening constant, we obtain by sub¬ 
traction a doublet in which 

A l V -* 1-*! 

which shows that is a constant, independent of the atomic number. 


Of the three empirically discovered L levels, L x and L 2 form together 
a doublet of the first type, viz. a relativity doublet, while L 2 and L z form 
one of the second type, a screening doublet. On the whole, as has been 
shown particularly by Wentzel, we may build up the energy level diagram 
in such a way that the relativity and screening doublets occur alternately. 


32. The Complete Energy Level Diagram 

The entire mass of experimental data on X-ray spectra may be built up 
into an orderly constructed level diagram, which we will now discuss more 
fully, using uranium as an example. When we have once arranged in 
order all the lines and absorption limits for a given element, it follows 
from Moseley’s law, which connects lines and limits from element to 
element, that the same scheme must be applicable to other elements also. 

Various investigators have from time to time applied themselves to 
the task of constructing the level diagram from the available data. 
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Among these we may mention especially Vegard, Smekal, Sommerfeld 
and Wentzel, and Dauvillier. The most exhaustive research in this line, 
however, is due to Coster, who himself contributed much of the data, 
and throughout made new photographs and measurements of spectra in 
cases where the material at hand was most meagre and unsatisfactory. 
For this reason, in the subsequent discussion, we shall for the most part 
follow the work of Coster. It must be said, however, that the results 
arrived at by other authors, in particular Wentzel, are almost identical 
with those reached by Coster. Dauvillier is an exception to this state¬ 
ment, for he has postulated a level diagram with a larger number of 
levels in the principal groups, and has thereby, in the opinion of the 
author, introduced unnecessary complications. The, placing of the so- 
called spark lines in the normal level scheme also seems unjustifiable. 

The spectrum of uranium has been the most fully investigated, and 
we shall therefore have this element continually in mind in our study of 
the level diagram. In the absorption spectrum one K , three L and 
five M edges have been experimentally found and measured. From the 
L and M edges we may, as already shown on page 156, calculate seven 
of the L lines by differences, with a high degree of accuracy. The greatest 
aid in the further construction of the diagram is afforded by the relativity 
doublets, which are formed among the lines as shown above on page 
156 ff. Of the line doublets showing the L x L 2 frequency difference, it is 
evident that one line must be associated with L lt the other with L 2 . 
By forming differences we then obtain frequencies for the higher levels. 
Among the L lines we find other doublet pairs which have the character of 
relativity doublets, but their frequency difference is quite different from 
that of L x L 2 . For such lines we must suppose that they correspond to a 
common L level, and that their doublet nature is due to two higher 
quantum energy levels, which themselves form a relativity doublet. In 
this way one may easily build up by trial a system of levels which, 
together with the experimentally known K, L, and M levels, suffice for 
the calculation of all known lines by means of frequency differences 
between levels. 

Fig. 86 shows an energy level diagram for uranium constructed in 
this way by Coster. The M and N lines recently measured by Hjalmar 
are included in this figure. Of these latter lines only the first known 
and strongest lines a lt a 2 , j 8, y are designated by letters, while the others 
are indicated in the tables by their initial and final levels. 

As may be seen from Fig. 86, all the lines of the K , L, M, and N series 
which have been found experimentally may be calculated from one K y 
three L t five M levels, all of which have been found experimentally, and 
seven N , five 0 , and one P level, which are of a hypothetical character. 
Of these levels it may be proved in many cases, and in others shown to be 
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probable, that they are associated in pairs to form relativity doublets or 
screening doublets. Wentzel has pointed out that the two classes of 
doublets occur alternately. Thus in the diagram L z and L % form a 
screening doublet, represented in the left side of the figure by s , L 2 and 
L l9 a relativity doublet r, M h and M A form a screening doublet, M A and M z 
a relativity doublet, and so on throughout the entire scheme. To the 
right are the quantum numbers which are assigned to the various levels 



in accordance with Sommerfeld J s theory. The principal quantum 
number n increases by unity from one group to another, beginning 
with n equal to unity for the K group, and increasing up to n equal 
to 6 for the P level. The rule for the auxiliary quantum number 
is that it shall have the same value for the two levels of a screening 
doublet, while for a relativity doublet it differs by unity for the two 
components. 
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It is at once evident on inspection of the diagram that there are 
many possible transitions between levels which are not represented by 
any lines, and among these we observe first that no transitions occur 
between levels belonging to the same group. Coster has made exceed¬ 
ingly careful investigations of the spectrum in the regions where lines 
corresponding to transitions between L levels might be expected, but he 
found no traces of such lines. 

A first selection rule that was discovered experimentally may be 
stated thus : in an electron transition the 'principal quantum number must 
change. In the domain of optical spectra this is known not to be the 
case. 

A second selection rule which also appears from the experimental 
data, and which is identical with that in optical spectra, is the one first 
theoretically derived by Rubinowicz, and then by Bohr, on general 
considerations arising from his correspondence principle. According to 
this second selection rule only those transitions occur in which the 
auxiliary quantum number either remains constant or changes by one unit . 
Experiment further shows that in general the transitions in which the 
auxiliary quantum number diminishes by unity give rise to lines of greater 
intensity. 

These two selection rules, however, will not suffice, for we should 
still expect many more lines than are actually found. We must, there¬ 
fore, have some additional restriction on the transitions from one orbit 
to another. The third selection rule was discovered independently by 
Coster and Wentzel. In order to express the rule clearly Coster made 
use of the letters a and b, assigning in a suitable way one or the other of 
them to each of the levels, while Wentzel stated it numerically, in a way 
similar to that in which the second rule is expressed above. Of course 
it is immaterial which form is adopted, since they are only symbolic 
methods of representing briefly the empirical facts, of which we are as 
yet unable to explain the real meaning. It may be stated, however, 
that Coster and Bohr, in a recent joint paper, have also formulated the 
third selection rule in numerical terms. All three systems of representa¬ 
tion are essentially identical. The first system of Coster is used in this 
book, because on the whole it seems to the author to be the clearest, and 
to bring out better the purely empirical nature of the rule. 

According to Coster’s notation all relativity doublets are denoted by 
the same letter, either a a or b b, while the screening doublets are desig¬ 
nated by different letters. The complete notation appears in Fig. 86. 
By comparing these designations of the levels with the observed lines in 
the level diagram, we see that the selection rule may be expressed as 

oC&. 
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TABLE 33. 

Evaluation of energy levels for uranium. 



Calculation. 

Experimental value. 

Weighted mean. 

M i 

j 261 01 ±0-3 


m 2 

MfJ L -Ma z - 12-8 ±0-5 
1j(X\— La 2 ~ 12*8 ±0*1 

M 2 - A/,— 12-8 ±0-1 

= 26101 ±0-3 

4- 12-8 ±01 
273*8 ±0*4 

273*99±0*3 

317*2 ±0*9 

382*1 ±2*5 

273*9 ±0*3 

381*3±1*9 

m 3 


i 

Lfi 3 -Lp t = 63-8 ±1-8 

M,N 7 -M 3 A\= 63-7 ±1-7 

iV/j- A'/., = 63-7 ±1-0 

=v 317-2 ±0-9 
+ 63-7 ±1-0 

380-9 ±1-9 

M x + La x — 261*0 ±0*3 
+ 1003*2 ±0*1 
-r 1264*2 ±0*4 

M 2 + La 2 - 273*9 ±0*3 
+ 990*4 ±0*2 
— 1264*3 ±0*5 

[1263-2 ±0-5]* 

1264-2 ±0-4 

L, 

A7 2 + L/ii- 273*9 ±0*3 
+ 1269*1 ±0*1 
= 1543*0 ±0*4 

[1539-8 ±0-5]* 

1543-0 ±0-9 


L, - Jj t — 1264*2 ±0*4 

| 



- 855*8 ±0*2 



Al, 

SB 408*4 ±0*6 




Lo-Lij— 1543*0 ±0*4 




-1135*0 ±0*4 

408*9 ±3*0 

408*3 ±0*6 

Ah 

= 408*0 ±0*8 




M 9 + Lpr 317*2 ±0*9 




+ 1286*3 ±0*9 



h 

1 -1603*5 ±1*8 

[1602-9 ±2-1]* 

1603-5±l-8 


M x - Ma~ 261*0 ±0*3 




- 233*6 




27*4 


27*4 


etc. 


•The L absorption limits were measured by Daune and Patterson by the* 
ionization method; these values seem to show a slight discrepancy throughout. 
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We will now make a numerical test of this level scheme which will 
demonstrate its applicability. In this test we may start from the eight 
■experimentally determined energy levels (one K, three L } and five M 
levels), and first calculate the N , 0, and P values from certain lines 
which terminate at those levels, then we may use these latter levels, 
together with those experimentally determined, to calculate the entire 
system of lines. But since the experimental determination of the levels 
is subject to considerably larger error than are the line measurements, 
we make use of lines and certain absorption limits together, taking 
into consideration the accuracy of measurement in each case, and so 
arrive at a system of levels in which the uncertainty has been reduced 
to as small an amount as possible. Table 33 shows how, starting 
from the experimentally accurate value of the limit, certain others 
of the energy levels may be evaluated. Of course we might proceed 
here in various ways, and the table only serves to demonstrate one 
of them. 

As a final result we obtain for the energy levels of the uranium 
.spectrum the following : 


K 

8447*0 

A 7 

106*6 

(h 

23*9 



A 6 

95*2 

O 4 

18*1 


1603*5 

A 5 

76*4 

O. 

11*8 

A, 

1543*0 

*V 4 

56*2 

0 3 

7*5 


1264*2 


53*8 

O t 

5*8 



A'jj 

28*2 



-«» 

408*3 

y] 

27*4 

1‘ 

1*7 


M 4 381*3 
Af, 317*2 
M 2 273*9 
M x 261*0 

For the levels w’hich lie out beyond 0 1 we obtain no values differing 
perceptibly from the 1*7 given above. By reasons of analogy, and 
under the very probable assumption that the same rules of selection 
hold here also, we may resolve the P group, with the help of the five 
lines which arise from combination of a P level with one of lower 
■quantum number. Since this would be rather an arbitrary proceed¬ 
ing, all P levels are replaced by a single one in the diagram. The 
following table shows what P levels would be necessary to explain 
the lines according to the above hypotheses. On the left we have the 
lower levels to which the observed lines are attributed, while above are 
the possible P levels, from analogy with the other groups of levels. 
Transitions to which the observed lines might be due are indicated 
by crosses. 
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TABLE 34. 


Lines which correspond to transitions from P levels. 



6 X 6. 

til//. 

M- 

<y>. 

<y>. 

t yt. 

ty*. 

64ft. 

2 x b 

“ 

X 

X 

- 

- 

- 

- 

- 

3,6 

- 

X 

X 

- 

” 

- 

- 

- 

•V 

“ 1 

- 

>: 

- 

- 

X 

j 

X 

- 

4,6 

j 

X 

X 

- 

- 

! 

- 

- 

4 2 a 

i 

X | - 

- 

X 

X 

1 


- 

- 


It may be seen at once that three P levels suffice to account for the 
observed lines, namely : 

6 A 

6 .//, 

and we thus observe that the group of three P levels is analogous to the 
triple L group, just as the 0 group resembles the M group. 

Table 35 shows the extent of the agreement between numerical values 

y 

of ^ for the spectral lines and the energy level values given above; 

it also illustrates the application of the selection rule. The lines which are 
prohibited by the selection rule are indicated by v 9 and those not found 
experimentally by a horizontal stroke. In the L series the agreement is 
almost complete, although in certain cases, where weak lines are sup¬ 
posed to exist, they would lie so near to other lines that their presence is 
aiot yet definitely proved ; apart from this, all the lines conforming to 
the selection rule have been found. Among the lines of the L series of 
uranium which have been measured accurately, there arc none which do 
not fit into the energy level scheme, but for several other elements Coster 
has found the very weak lines and ft 10 which are contrary to the selection 
rule, for they apparently correspond to the transitions L z M l9 and 
Since these transitions are of the type 

A • - • 

(3 10 . . . 2 1 6^3 2 &, 

they both transgress the ab rule. The line ft 9 is also contrary to the 
other selection rule, which requires that the auxiliary quantum number 
shall either remain constant or change at most by unity. As already 
stated, however, the lines are extremely faint, and perhaps they may be 
explained otherwise. 

8.3. M 
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For some elements, Auger and Dauvillier have found a doublet (5, t) 
corresponding to the transitions L X M X and L t M 3 . Both lines, which are 
rather faint, are contrary to the ab rule. The wave-lengths and the 

experimental values ^ are given in the following table, together with the 

I* 

values of p calculated from the energy levels in Table 37. 



X 

AX 

it obs - 


73 Ta 

1 t(L x M t ) 

\ 8 (L,M 3 ) 

1671*7 

1608*6 

63*1 

545*1 

566*5 

547*6 

567*9 

74 W 

jHLiM,) 

\8(L,M 3 ) 

1621*6 

1561*0 

60*6 

562*0 

583*8 

f)62-7 

584-2 

77 Ir 

( t (L x M t ) 

) 8 (LjM.,) 

1490*0 

1429*5 

60*5 

611*6 

637*5 

610*3 

636*5 

78 Pt 

| 8 (L 3 M 3 ) 

1449*0 

! 

i 

i 

628*9 

624*7 

79 Au 

1 t(L x M t ) 

| S (L,M s ) 

1410*0 

1348*1 

61*9 

I 

646*3 

676*0 

643*4 

675*7 

92 U 

| t. ( L x M t ) 
j s 

l 

961*7 

1 

! 

; 

947*6 

947*1 


As seen from this table the doublet is a relativity doublet, with 
constant AA.. 

In the M and the N series certain lines are missing which would be 
expected according to the selection rule. In the case of the N series this 
is not surprising, for here, on account of the long wave-length, all the 
lines are so faint that they are observed only with great difficulty. In 
the M series it happens that the lines which have not been found corre¬ 
spond to just those transitions k -> k and k ^ k + 1 which, throughout the 
spectra, give rise to fainter lines than the transition k->k-\. 

Thus we see that, on the whole, the level diagram with its selection 
rules gives a very complete and comprehensive representation of the 
entire empirical material, both for the emission spectra and for the absorp¬ 
tion spectra. The energy levels, which we are able to evaluate from 
both kinds of spectra, are, of course, fundamental for the structure of the 
atom, and in this respect are more important than the directly measurable 
transitions between these levels. There is no doubt that the knowledge 
of the energy levels, which characterise an atom, is a much more valuable 
thing for the investigation of the atom than, for example, the atomic 
weight of the element concerned, and we therefore see how important the 
determination of these levels is for the physics of the atom. But just in 
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those places in the periodic system where they are of the greatest interest, 
namely, where, as Bohr has shown, changes occur in the outer shell of 
the atom, the data are at present not nearly as satisfactory as might be 
desired. X-ray spectroscopy has here an important gap to fill. 

Proceeding from uranium, we might now introduce into such a diagram 
the corresponding lines and limits connected by the Moseley law for all 
the other elements. A glance at the table of wave-lengths shows, how¬ 
ever, that the great wealth of lines which we have in the case of uranium 
does not continue far down the periodic system of the elements. Several 
lines disappear even for the next few elements, and only a very few may 
be followed down to the first elements of the system. This decrease in 
the number of lines results in a corresponding simplification of the level 



diagram. Here we experience the great difficulty that we are unable to 
determine experimentally with certainty at what element a given line 
really ceases to exist. As a rule the intensity gradually decreases, until 
we are no longer certain whether the line is merely indistinguishable 
against the background of diffuse blackening, or whether it actually does 
not exist. In any case it is very evident that a diagram of much more 
simple construction suffices for the lighter elements. In consideration of 
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this point, we introduce the following table containing the atomic number 
of the last element for which the existence of the lines belonging to the 
different levels has been observed. 

TABLE 36. 

Elements of lowest atomic number for which the lines belonging to the 
levels indicated have definitely been shown to exist. (From results of Coster 
and Hjalmar.) 


Level. 

p 

O x 

! o 2 

0 , 

Ox ; 0 - 

Nx 

N 2 

N " 

A T 4 

Nz 


At 

Line of L series 

- 92 

73 *! 73 

49 

__ 

49 j 73 



40 

40 

37 

_ 

37 

37 

Line of M series 

- j 90 j 

90 

! 90 

90 

81 1 90 : 

67 

1 66 

71 

76 

76 

92 

76 

Line of N series 

- j 901 

92 

90 

90 ; 

1 “ 

— 

| 

— 

!-- 

90 

90 

90 

! 90 

73 

j 73 

49 

49 | 73 : 

67 

66 

| 40 

40 

37 

37 

~37 


From Table 36 it appears that, to account for the spectra, the P levels 
are necessary only for atomic numbers 92 and 90, and 0 2 are necessary 
only as far as element 73, N t and N 2 to 66, and 0 3 , O i9 and 0 5 not farther 
than 49. As a matter of fact, 

0 5 has not been detected experi¬ 
mentally beyond 73, but since 
0 3 and 0 4 lie farther out than 
0 5 , and they have been traced 
as far as 49, it is reasonable to 
assume that 0 B exists at least 
to the same limit. Hence the 
levels disappear with decreasing 
atomic number of the elements 
in the following order : 

P 
O x 
Ch 

-V, 

O, 

O 4 


Fig. 88. Level diagram for Krypton. 

It is very probable, indeed, that the number of levels present is closely 
related to the development of the atoms of the noble gases, and Coster 
has drawn the diagrams which might be supposed to represent the noble 
gases niton 86, xenon 54, and krypton 36. Fig. 87 is the diagram for 
xenon, Fig. 88 that for krypton, while that for niton may be assumed to 
be identical with that of uranium shown in Fig. 86. 

* 51 according to Dauvillier. 
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The chief results of spectroscopic measurements are embodied in 
Tables 37 and 38, which consist of a collection of energy level values of 
the various elements, revised by Nishina from an article by Bohr and 

Coster. In these tables k is taken as a measure of the energy of the 
levels. 

It has been shown in the preceding chapters that the theory of Sornmer- 
feld, which started from the general atomic model for hydrogen, namely, 
a positively charged nucleus round which a single electron revolves, 
could give in an astonishingly high degree a numerical representation of 
many facts found experimentally. The influence of the electrons belong¬ 
ing to the different shells was accounted for in a fairly simple manner. 

Landc has recently pointed out that another view seems in some 
respects better adapted to serve as a basis for a theory of X-ray spectra. 
If the system for the energy levels of the atom as found by X-ray spectra 
be represented in a way usually applied in the case of ordinary spectra, 
and first used in this field by Grotrian, we obtain the scheme shown in 
Fig. 88b. In this system every energy level is represented by three 
quantum numbers, n , k, j, as generally used in optical spectra. The 
azimuthal quantum number k does not agree with the k which was 
used in the former schemes, and which was supported by the relativity 
character of the doublets in the theory of Sommerfeld. “jf” is the 
“ inner ” quantum number which in ordinary spectra gives the orient¬ 
ation of the orbit. It may be seen that this representation of X-ray 
spectra is quite analogous to that of the optical arc-spectra of the alkali 
group. In analogy with the notation used in that connection, one may 
call the K level Is, whereas the three L levels correspond to 2s, 2p 2j 
and 2 p x ; the M levels to 3 s, 3 p 2 , 3 \p l9 3 d 2 , 3 d v and so on. The most 
satisfactory way, then, of denoting the levels by means of indices to the 
letters L, M , etc., is to change the numbering formerly used. To dis¬ 
tinguish these notations from the previous one, we shall—following 
the notation introduced by Bohr and Coster—denote the indices by the 
Roman numerals. The different notations are collected in the following 
table : 

Earlier notation : 


K 

I'S 

Li 


Af, 

M t 

m 3 

m 2 

My N 7 

n. 

M t 

^ V 4 

M, 

M, 

My 

li 


2i 

2 S 

3, 

3! 

3 2 

3 2 

3 3 4 X 

4i 

4j 

^2 

4 3 

^3 

4 4 

b 

b 

a 

a 

b 

a 

a 

b 

b b 

a 

a 

b 

b 

a 

a 







Present notation : 







K 

Ly 

Ln 

I'm 

My 

M u 

M m 

M lv 

M v N 1 


Mm 

Ny V 

Ny 

Nyj 

Nyn 

In 

2u 

^21 

2 22 

3n 

3ji 

3 2! 

^32 

^33 4 U 

^21 

4 2 2 

4a» 

4ja 

^43 

^44 

1* 

2s 2p 2 

2pi 

3a 

3 Pz 

3 Pi 

3 d 2 

3 d x 4 s 

4 Pt 

4pi 

4d 2 

4dj 

46 a 

ib % 






TABLE 37, 



K 

\ u 

l 2 

Li 

AJ» 

Ma 

| M* 

M 2 

Mi 

92 U 

8477*0 

1603*5 

1 1543*1 

1264*3 

408*9 

382*1 

317-2 

274*0 

261*0 

90 Th 

8073*5 

1509*7 

! 1451*5 

1200*6 

381*6 

354*4 

298-0 

256*6 

244*9 

83 Bi 

6646*7 

1207*9 

1159*4 

990*0 

295*9 

273*6 

234*0 

199*4 

191*4 

82 Pb 

6463*0 

1169*3 

1121*9 

960*5 

283*8 

262*3 

1 226*0 

190-5 

183*0 

81 T1 

6289*0 

1132*4 

1084*2 

933*2 

273*9 

253*8 

219*2 

184*8 

176*8 

80 Hg 

6115*9 

1094*6 

j 1048*6 

906*1 

...» 


— 



79 An 

5940*4 

1060*2 

1014*4 

878*5 

252-9 

235*1 

202*8 

169*3 

163*0 

78 Pt 

5764*0 

1026*8 

| 978*7 

852*0 

243*4 

227*3 

198*0 

162*3 

156*4 

74 W 

5113*8 

893*0 

850*6 

752*1 

208-1 

191-3 

169*8 

138*3 

133*7 

73 Ta 


862*2 

820*8 

728*0 

199*5 

183*2 

1 162*9 

132*2 

127*8 

72 Hf 


i 830*7 

791*4 

704*6 

191*9 

174*8 

155*5 

126*8 

122*7 

71 Lu 

— 

802*6 

762*9 

681*2 

183*8 

168*6 

150-9 

120-9 

117*2 

70 Yb 

— 

774*6 

735*4 

659-2 

177*1 

162*2 

145-8 

116*4 

112*8 

69 Tin 

— 

746*8 

708*6 

637*3 

170*3 

155*5 

140*2 

111*7 

108*4 

68 Er 

— 

719*6 

682*6 

615*9 

163-6 

148*8 

134*7 

107-2 

104*0 

67 Ho 

4115*9 

693*2 

657*1 

594*7 

157-1 

142*7 

129-3 

102*7 

99*8 

66 Dy 

3972*5 

667*7 

632*2 

574*2 

151*2 

136*9 

124*5 

98*5 

95*8 

65 Tb 

— 

642*6 

608*3 

553-9 

145*0 

131*0 

119*6 

94*2 

91*6 

64 Gd 

371J *9 

618*2 

584*6 

533*9 

139*0 

125*5 

115*0 

90*0 

87*7 

63 Eu 

3583*4 

594*3 

561*5 

514*4 

133*1 

120-2 

110-3 

86-0 

83*8 

62 Sm 

3457*0 

571*2 

538*9 

495*0 

127*2 

114*7 

105*8 

81*9 

79*9 

60 Nd 

3214*2 

526*2 

495*5 

457*8 

1 16*5 

104*8 

96*8 

74*2 

72*5 

59 Pr 

3093*3 

504-3 

474*6 

439*6 

111*6 

99*3 

92*4 

70*3 

68*9 

58 Ce 

2972*2 

483*3 

454*1 

421*9 

106*2 

94*6 

88*1 

66*7 

65*4 

57 La 

— 

462-9 

434*2 

404-4 

100*7 

90*0 

84*0 

62*9 

61*7 

56 Ba 

2756*4 

441*9 

414*3 

386*7 

95-4 

84*6 

79*0 

58*8 

57*6 

55 Cs 

2649*1 

421*8 

394*9 

i 

369*3 

89*8 

79*3 

74*4 

54*6 

53*6 

53 1 

2448*3 

382*6 

357*6 

336*0 

79*3 

69*0 

64*9 1 

46*8 

45*9 

53 Te 

2345*0 

364*1 

340*3 

320*1 

74*5 

64*4 

60*5 ! 

43*2 

42*4 

51 Sb 

2241*7 

346*1 

323*6 

305*3 ! 

70*4 

60*0 

56*4 i 

40*4 

39*7 

50 Sn 

— 

329*4 

306*2 

289*5 

65*3 

56*2 

53*1 

36*5 

35*9 

47 Ag 

1878*9 i 

279*5 

260*0 

247*3 

53*3 

43*5 

41*2 

27*9 

27*5 

45 Rh 

1709*1 | 

253*4 

231*4 

220*9 

45*8 , 

39*7 

38*5 j 

22*5 

22*2 

42 Mo 

1473*1 j 

| 211*9 

193*9 

186*2 

37*6 1 

30*5 

29*7 j 

17*4 

17*2 

41 Nb 

1401*3 

— 

181*4 

174*4 

35*1 ; 

i 

— 

i 

15*0 

14*9 

40 Zr 

1325*8 


169*6 

163*5 

31*4 ; 

— 

— ! 

13*0 

29 Cu 

661*1 

_ 

71*3 

69*8 


5* 

2 ! 

0 

28 Ni 

612*0 

— ; 

62*6 

61*3 | 

— i 

3*3 

— 

- 

27 Co 

568*9 

— [ 

59*7 

58*5 1 


5* 

3 

- 

- 

26 Fe 

523*8 

— 

53*2 

52*2 i 

— 

4*0 

— 

- 

25 Mn 

482*4 

— 

48*7 

47*9 

— ; 

4*2 

— 

- 

24 Cr 

441*1 

— 

43*0 

42*3 

! 

3*5 

— 

- 

23 Va 

402*3 


38*2 

37*6 

; 

2*6 

— 

- 

22 Ti 

365*4 

— 1 

32*6 

32*2 

-! 

2*2 

_ 

_ 

21 So 

331*2 

— j 

30*3 

30*0 

1 

2* 

7 

... 

- 

20 Ca 

297*5 

_ j 

25*9 

25*6 

— 

2*0 1 

_ 

- 

19 K 

265*3 

— 

21*4 

21*2 

— - 1 

0-9 i 

• — 

- 

17 Cl 

207*8 

— 

14*8 

14*7 

1 

04 | 

- 

- 

16 S 

181*8 

_ 

11*8 

i 

0*3 

_ 

_ 

15 P 

158*3 

— 

9*9 

— ! 

0*8 

— 

- 

13 A1 

114*7 | 

— 

5*2 

~~ | 

0 


— 

- 

12 Mg 

95*8 ! 

.... l 

— 

3-5 

— ! 

— 


- 

- 










Energy level values (v/R) t 


A T 7 

N r> 

*6 

*4 


A f , 

A r . 

0, 

0 4 ,H 

0*1 


106*6 

95*7 

77-1 

56*3 

53-6 

28-4 

27*6 

26-2 

15*4 

5*8 

92 IT 

97-8 

— 

— 

51*2 

48-7 

24*8 

24*1 

-- 

— 

5*7 

90 Th, 

71-0 

58-7 

50-3 

35-7 

33*7 

13*6 

13*0 

— 

11*0 

2*0 

83 Bi 

66-0 

55-4 

49-3 

32*2 

30*5 

10*8 

10*3 

10*3 

6*4 

0*8 

82 Pb 

63-7 

53*6 

44-9 

30*6 

29*0 

10*0 

9*6 

10*6 

7*4 

1*7 

81 T1 

— 

— 

— 


— 


— 

- - 

-- 

— 

80 Hg 

58-0 

491 

42-8 

26*4 

25*0 

6*4 

7-8 

; 8*3 

0*8 

79 Au. 

r,2-r> 

48-7 

42*3 

24-5 

23*2 

5*2 

7*1 

; 8*6 

0*4 

78 Pt 

44*1 

38-0 

330 

18*8 

18*4 

2*9 

2*8' 

5*7 

5*2 

_ 

74 W 

41*2 

35-3 

30-9 

17*8 

16*6 

2*2 

2*2 

4*7 

4*4 

. 

73 Ta 

40*0 

32*2 

28-2 

16-8 

16*3 

1*7 

1*6 

5*6 

i 3*0 

— 

72 Hf 

36-9 

32*5 

28-7 

16*1 

14*7 

1*0 

0*7 

4*2 

4*0 

— 

71 Lu 

36-2 

31*0 

27*5 

14*9 

14*2 

0*9 

1 0*6 

— 

; 3*6 

.... 

70 Yb 

34-4 

30-0 

26-6 

14-5 

13*2 

0*9 

i 0-4 


3*8 

— 

69 Tm, 

33-1 

28*4 

24-9 

13*7 

12*6 

0*9 

0*3 

3*9 

3*9 

. 

68 Er 

31-8 

26*9 

23*8 

12-8 

1 12*0 

0*8 

0*2 


2*7 

i — 

67 Ho» 

31*0 

26-1 

23-2 

12-2 

! 11*6 

; o*8 

j 

i 3*1 

3*2 

— 

66 Dv 

29-4 

24-3 

22-0 

11-4 

11*1 

! 


! 3*5 

1 2*6 

: - - 

65 Tb 

28-6 

23-0 

1 21*0 

11-0 

10*8 

| - - 

: 

; 4*o 

3*3 

: 

64 <ia 

27-2 

22-6 

20-4 

10*7 

10*4 

i - * 


j 3*6 

2*9 

!- 

63 Eu 

25-9 

20*9 

19-5 

10-0 ; 

9*8 

1 -- 

— 

i 3-1 

, 2*8 

- - 

62 Sm 

23*7 

19*2 

17*8 

9*2 

9*2 


| .. . 

3*1 

2*7 

j - — 

60 Nd 

22-7 

18*3 

16-9 

8*9 : 

8*7 ! 

1 

| 


‘ 3*1 

2*3 

j 

59 Pr 

21*7 

17*4 

16-2 

8-4 | 

8*5 : 



3*2 

2*5 


58 (V 

20*5 

16-5 

15*4 

7*8 | 

7*8 


J -*** i 

: 3*o 

2*3 

1 

57 La 

18*8 

14-9 

14*0 

6*9 ! 

6*9 



3*1 

2*0 


56 Ba 

17-1 

13*6 

12*6 

6-0 

5*7 


, ] 

1*9 

1*7 

— 

55 Cs 

14*0 

9*4 

4*1 j 

4*1 

_ 

__ 

_ 

0*7 

! _ 

53 I 

12-7 

8*9 

3*6 ! 

3*2 

— 


— 

0*5 

! — 

52 To 

121 

7-2 

3*3 1 

3*2 

—- 

— 


0*1 


51 Sb 

10-2 

7-1 

2*0 1 

1*9 

— 


0*2 

: o*6 , 

— 

50 Sn 

7.5 

3-3 

! <)•« 

. 

_ ■ 


i | 

_ 

47 Ag 

5*3 

5*0 

! (-0*3) 

— 

_s 

— 


— 

45 Rh» 

4*7 

3*0 

0-5 

' 



‘ - . 

— 

42 Mo. 

4-0 

- 

- 


- 

1 - 

! 

— 

’ — ■ 

— 

41 Nb. 

3-5 

- 

- 

-T 


l ! 

— ! 


— 

— 

40 Zr 

_ 





[ _ 

r ~ i 

_ 

I , 

_ 

29 Cu 

— 


— 



— - 




_ 

28 Ni 

— 

- 

- 

— 


— 

— 

— 

| _ 

— 

27 Co 

— 

_ 

_ 



_ 

_ 


_ 

__ 

26 Fe 

— 


— 

— 

_ 

— 

_ 

_ .. 

— 

— 

25 Mn 

— 

__ 

_ 



_ . 

_ 

— 

_ 

_ 

24 Cr 

— 


.... 

_ 


— 

— 

— 

— 

— 

23 Va 

_ 

_ 


_ 


_ 

_ 

_ 

_ 


22 Ti 

_ 

_ 

__ 

_ 

... 

_ 

_ 

1 

_ 

__ 

21 So 

— 

— 

- 



_ 


— 

— 

— 

20 Ca 

— 


... 

__ 

_ 

_ 

_ 

_ 

_ 

— 

19 K 

— 

- 

- 




— 

— 

— 

.... 

17 Cl 

_ 

___ 

__ 



_ _ 

_ 

_ 

_ 

_ 

16 S 

— 

_ 

_ 

_ 



— 

— 

— 

— 

15 P 

— 

_ 



_ 

— 

— 

— 

— 

. - — 

13 A1 

— 

- 

- 

.... 


— 

— 

— 

— 

— 

12 Mg 









TABLE 38, 



Ii 

As 

A a 

1 

-V. 


M* 


Mi 

92 U 

92*07 

40*04 

39*28 

35*56 

20*22 

19*55 

17*81 

16*55 

16*16 

90 Th 

89*85 

38-85 

38-10 

34*65 

19*53 

18*83 

17*26 

16*02 

15*65 

83 Bi 

81*53 

34*75 

34*05 

31*40 

17*20 

16*54 

15*32 

14*12 

13*83 

82 Pb 

80*39 

34*19 

33-50 

30*99 

16*85 

16*20 

15*08 

13*80 

13*53 

81 Tl 

79*31 

33*65 

32*92 

30-55 

16-55 

15*93 

14*81 

13*60 

13*30 

80 Hg 

78*20 

33*08 

32*38 

30*10 

_ 

— 

— 

— 

— 

79 An 

77*07 

32*54 

31*85 

29*64 

15*90 

15*33 

14*25 

13*01 

12*77 

78 Pt 

75*92 

32*01 

31*28 

29*19 

15*60 

15*08 

13*99 

12*74 

12*51 

74 W 

71*51 

29*883 

29*166 

27*425 

14*43 

13*83 

13*03 

11*76 

11*56 

73 Ta 

— 

29*362 

28*650 

26*982 

14*13 

13*54 

12*76 

11*50 

11*31 

72 Hf 


28*822 

28*131 

26*545 

13*85 

13*22 

12*47 

11*26 

11*08 

71 Lu 


28*331 

27*620 

26*101 

13-56 

12*98 

12*28 

11*00 

10*82 

70 Yh 

— 

27*831 

27*118 

25*675 

13*31 

12*74 

12*08 

10-79 

10*62 

69 Tm 


27*331 

26*630 

25*245 

13*05 

12*47 

11*84 

10*57 

10*41 

68 Er 

— 

26*826 

26*127 

24*816 

12*79 

12*20 

11*61 

10*35 

10*20 

67 Ho 

64*16 

26*328 

25*634 

24*387 

12*53 

11*94 

11*37 

10*14 

9*99 

66 Dy 
65 Tb 

63*03 

25*840 

25*114 

23*963 

12-29 

11*70 

11*16 

9*93 

9*79 

— 

25*349 

24*664 

23*534 

J 2*04 

11*45 

10-94 

9*70 

9*57 

64 Gel 

60-93 

24*864 

24*179 

23*107 

11*79 

11*20 

10*73 

9*49 

9*36 

63 Eu 

59*86 

24*379 

23*697 

22*079 

11*54 

10*97 

10*50 j 

9*27 

9*15 

62 8m 

58*80 

23*899 

23*214 

22*249 

11*28 

10*71 

10-28 

9*05 

8*94 

60 Nd 

56*69 

22*939 

22*260 

21-305 

10*79 

10*24 

9*84 

8*61 

8*52 

69 Pr 

55-62 

22*456 

21*785 

20*967 

10*57 

9*96 

9*61 

8*39 

8-30 

58 Ce 

54*52 

21-984 

21*310 

20*541 

10-30 

9*72 

9*39 

8*17 

8-09 

57 La 

~ - 

21*514 

20*837 

20*108 

10*03 

9*49 

9*17 

7*93 

7*86 

56 Ba 

52-50 

21-029 

20*355 

19*664 

9*77 

9-20 

8*89 

7*67 

7*59 

55 Cs 

51*47 

20*537 

19*872 

19*218 

9*47 

8*90 

8*62 

7*39 

7*32 

53 I 

49*48 

19*560 

18*910 

18*330 

8*90 

8*31 

8*05 

6*84 

6*78 

52 Te 

48*43 

19*082 

18*446 

17*890 

8*63 

8*02 

7*78 

6*58 

6*51 

51 Sb 

47*35 

18*605 

17*988 

17*472 

8*39 

7*74 

7*51 

6*36 

6*30 

50 Sn 

— 

18*149 

17*499 

17*016 

8*08 

7*50 

7*29 

6*04 

5*99 

47 Ag 

43*35 

16*72 

16*12 

15*73 

7*30 

6*60 

6*42 

5*28 

5*24 

45 Rh 

41*34 

15*90 

15*20 

14*86 

6*76 

6*30 

6*16 

4*74 

4*71 

42 Mo 

38*38 

14*54 

13*92 

13*64 

6*13 

5*52 

5*40 

4*17 

4*15 

41 Nb 

37*43 

— 

13*47 

13*21 

5*92 

■ - 

— 

3*87 

3*86 

40 Zr 

36*41 

--- 

13*02 

12*79 

5*60 

— I — 

3*61 

29 Cu 

25*71 

— 

8*44 

8*36 
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0 

28 Ni 

24*74 


7*91 

7*83 

— - 

1*82 

... 

... 

27 Co 

23*85 

— 

7*73 

7*65 

-- 

2*30 


— 

26 Fe 

22*89 

— 

7*29 

7*23 


2*00 

— 

— 

25 Mn 

21*96 


6*98 

6*92 

— 

2-05 

— 

— 

24 Cr 

21*00 

— 

6*56 

6*50 


1*87 

- 

- 

23 Va 

20*06 

— 

6*18 

6*13 

— 

1*61 

- 

- 

22 Ti 

19*11 

_ 

5*71 

5*66 


1*48 

- 

— 

21 Se 

18*20 


5*51 

5*48 

— - 

1*64 

— 

- 

20 Ca 

17*25 

— 

5*09 

5*06 


1*42 

— 

_ 

19 K 

16*29 

— 

4*63 

4*61 

--- 

0*95 

— 

- 

17 Cl 

14*42 

— 

3*85 

v. _ 

3*84 


0*63 

- 

- 

16 S 

13*48 

_ 

3*44 


0*55 

_ 


15 P 

12*58 

— 

3*15 

— 

0-89 

— 

- 

13 A1 

10*71 

— 

2*28 

— 

0 


— 

- 

12 Mg 

9*79 

— 

1*87 

— 

-- 

- 

- 

- 
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9*78 

8*78 

7*50 
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2*41 
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— 

— 

7*16 

6*98 

4*98 

4*91 

- 

— 

2*39 

| 90 Th 

8*43 

7*66 

7*09 

5*98 

5*81 

3*69 

3*61 

- 

3*39 

1*42 

j 83 Bi 

8*13 

7*44 

7*02 

5*68 

5*52 

3*29 

3*21 

3-21 

2*79 

0*89 

! 82 Pb 

7*98 

7*32 

6*70 

5*54 

5*39 

3-16 

3*10 

3*26 

2*72 

1*30 

| 81 T1 

7*62 

7-01 

6*54 

5*14 

5*00 

2*53 

2*79 

! . _ 

2-88 

0*89 

l 80 Hr 
j 79 Aii 

7-25 

6*98 

6-50 

4*95 

4-82 

2*28 

2*67 

2*93 

0-63 

78 Pt 

#*64 

6*17 

5*75 

4*34 

4*28 

1*71 

1*67 

2*38 

2*29 

— 

| 74 W 

0*42 

5*94 

5*56 

4*21 

4*08 

1 *50 

1*49 

2*18 

2*10 


73 Ta 

0*33 

5*68 

5*31 

4*10 

4*02 

1*32 

1*26 

2*36 

1*74 


I 72 Hf 

#•08 

5*70 

5*36 

4*01 

3*84 

1*0 

0*9 

2*04 

2*01 

! - ' 

71 Lu 

#*02 

5*57 

5*24 

3*86 

3*77 

1*0 

0*9 

.— 

1 *90 


70 Yb 

5*87 

5*47 

5*16 

3*81 

3*64 

1*0 

0*8 

~ 

1*94 


69 Tm 

5*75 

5*33 

4*99 

3*70 

3*55 

0*9 

0*6 

1*98 

1*97 


68 Er 

-5*64 

5*19 

4*88 

3*57 

3*46 

0*9 

0-4 


1*63 


67 Bo 

-5*57 

5*11 

4*81 

3*49 

3*41 

0*9 

— 

1*77 

1*79 


66 Dv 

5*42 

4*93 

4*69 

3*37 

3*33 



1*87 

1*61 


65 Tb 

-5*34 

4*80 

4*59 

3*32 

3-29 

— 


2*00 

1*81 

----- 

64 (Id 

5*21 

4*76 

4*51 

3*27 

3*22 



1*88 

1*69 


63 Eu 

-5*08 

4*57 

4*41 

3*16 

3*14 

_ 

— 

1*75 

1*68 


62 Sin 

4*87 

4*39 

4*22 

303 

3-03 



1*76 

1*66 

- 
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4*12 

2*98 
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— 
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Lande has given many arguments in favour of this arrangement 
of the X-ray spectra in a system analogous to the term-systems for 
the arc-spectra of the alkalis , instead of the general hydrogen term-system 
used in the theory of Sommerfeld. We shall first note one great formal 
advantage of this arrangement: the selection-rules for the transitions 
between the different energy levels are exactly the same in this notation 
as those met with in ordinary optics. (It is only necessary to remember 
that transitions within one and the same group are not permissible. In 
this respect the analogy is incomplete.) But the analogy can be pushed 
a step farther. The relative intensities of lines in the optical spectra of 
the alkalis and in X-ray spectra, resulting from analogous transitions, 
seem to show agreement. For instance, the Ka doublet, which corre¬ 
sponds to the yellow lines in the Na spectrum, has an intensity relation 
of 2 : 1. The same seems to hold for the three lines corresponding to the 
triplet of the diffuse series in the spectra of the alkalis, namely, L ai L a > Lp t . 

We must emphasize the fundamental difference in the views of Sommer¬ 
feld and of Lande as to the character of the so-called relativity doublet. 
According to Sommerfeld, this doublet arises from the energy difference 
between the circular and the elliptical two quantum orbits (for the 
Ka doublet and corresponding doublets of the L series), and is of the same 
kind as the analogous doublet in the hydrogen spectrum. Lande con¬ 
siders that this doublet is of the same nature as the doublets in the sharp 
series of the alkali spectra, and is thus due to the different orientation of 
the orbits, or to different “ inner ” quantum numbers. A characteristic 
feature of the relativity doublets is that the frequency difference varies 
as (Z - d) 4 (cf. equation 55), a fact in exact agreement with the experi¬ 
mental results. But Lande remarks that this same law also holds for 
the alkali doublets (p 2 ~Pi)* is shown by the recent investigations 

of Paschen and Fowler on the spectra of Nal, MgII, A1III and SilV. 
The spectra of these four ionized atoms are emitted by an atomic con¬ 
figuration of quite the same structure but of nuclear charge, differing 
by unity from one element to the next. The following table gives the 
values of (Z-9) 4 , and in the last column the values of d if (Z~d) 4 be 
equated to the observed frequency-difference. 


Ek*nu*nt. 

z 

Ar obs. 

(z—9 y. 

d 

Nal 

11 

17*2 

16 

9*0 

Mg 11 

12 

91*5 

81 

8-9 

Aim 

13 

238 

256 

9*1 

Si IV 

14 

460 

625 

9*4 


Another interesting point in favour of this scheme has been indicated 
by Sommerfeld and Grotrian. The two lines belonging to the “ rela- 
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tivity ” doublets always appear—as far as can be tested experimentally— 
at the same element in the periodic table. This is difficult to understand 
if, as is supposed in the theory of Sommerfeld, they should belong to 
orbits of different shells in the atom. Recent researches of Mr. Ray and 
the author on the displacement of the K doublet lines for lower elements 
point to the same conclusion. If these two lines belonged to orbits of 
very different shape, e.g. to circular and elliptical orbits, the influence of 
the other electrons on the two lines should have greatly different values. 
But experiments show that both lines are displaced in the same manner. 

As compared with the previous scheme, that of Lande has the advan¬ 
tage of being more readily pictured, and it makes use of the ordinary 
optical selection rules. The analogy with the spectra of the alkalis may 
stimulate to further investigations in many directions. But at the same 
time it must be emphasized that there are essential differences in these 
two types of scheme, and that analogy does not constitute identity. 
This may be clear if we recall the fact that the levels in the X-ray diagram 
correspond to the energy of the atom which has lost one electron from a 
K , an L or an M group, etc. In the scheme for the spectra of the alkalis 
the first level in the s-term series corresponds to the energy of the 
'undisturbed atom. The Is level in the X-ray scheme corresponds to an 
atom in which one electron has been removed from the K group of 
electrons, and so on. There is also no continuous transition from the 
X-ray scheme to the optical one. The X-ray lines of the ordinary kind 
are due to transitions between such groups of electrons in the atom as 
are normally occupied by electrons ; experiment seems to show that the 
disappearance of an electron group at a particular element in the 
periodic table is accompanied by the disappearance of those lines which 
are associated with that group. 

From this point of view there is no reason for designating purely optical 
spectral lines by names taken from the X-ray field. This has reference 
to those lines which belong to more highly ionized atoms, which fit excel¬ 
lently in the ordinary optical schemes. The X-ray lines correspond to 
transitions between orbits within groups ordinarily occupied by electrons ; 
the optical lines correspond to transitions between orbits not occurring 
in the undisturbed atom. It may also be remembered that the X-ray 
spectra are emitted by atoms contained in solids, whereas the ordinary 
spectra are emitted only from free atoms. 

Finally, we know that the optical spectrum emitted by one and the 
same atom changes very much if one or more electrons are removed from 
the neutral atom. A general law for these changes has been formulated 
by Sommerfeld and Kossel, and is known as the ‘‘displacement law.” 
With very few exceptions all the X-ray lines which have been found 
correspond to an atom from which only one electron has been removed 
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from its normal orbit. All X-ray spectral lines collected in the energy 
diagrams previously given are of this kind. To trace the sequence of 
these lines down to the wave-length region of ordinary optics, it is thus 
necessary to restrict our choice to lines belonging to spectra of the arc 

type. 

The few lines in the domain of X-ray spectra which must doubtless 
be ascribed to a higher state of ionization have not yet been sufficiently 
studied to permit the construction of an energy system like that given 
for the normal X-ray spectral lines. The analogy of the latter spectrum 
to a doublet spectrum may possibly indicate that the X-ray spectrum of 
the Wk spark " type has a triplet structure. 

33. X-ray Spectra of Multiply-Ionized Atoms according to Wentzel 

Although the great majority of known spectral lines may be classified 
according to the general energy level scheme, there are, nevertheless, 
groups of lines which evidently cannot be brought into this system. 
The first example of lines of such a type was that pointed out by the 
author jointly with Stenstrom as early as 1916, in an investigation of 
the K series for the lightest elements. In the neighbourhood of the 
element Zn a faint component apparently becomes separated from the short 
wave-length side of the Ka doublet, and for lower elements itself 
becomes resolved into a doublet which we have called a 3 a 4 . This separa¬ 
tion has been recently demonstrated below Ca by Dolejsek, and it has 
been measured as far down as Na. 

In addition to this a 3 a 4 doublet Hjalmar discovered a second doublet 
a 5 a 6 in the K series for the very light elements, and also a single line 
between cq a 2 and a 3 a 4 , which he called a', and which apparently belongs 
to this group of non-diagram lines. Similar conditions obtain in the 
(i group of the K series. 

An explanation of the presence of these lines has been given by 
Wentzel, and rough calculations lend such good support to the theory 
that we need not doubt its validity. According to Wentzel these lines 
arise from an excitation process in which more than one electron is removed 
from the inner energy levels of the atom. Since this condition bears a. 
certain resemblance to the condition requisite for the production of the 
so-called spark lines in ordinary optical spectra, Wentzel called these 
lines spark lines. In the case of ordinary spectra it had not been shown 
with certainty that more than singly ionized atoms serve as radiators, 
but quite recently Paschen demonstrated the existence of a spectral 
series corresponding to the doubly ionized atom of Al, and Fowler a 
series for triply ionized Si. Wentzel has made it seem probable that in 
the case of these lines of the K series of X-rays we have to do with two- 
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and three-fold ionization. In order to make the nomenclature orderly,, 
the proposal of Bohr and Coster seems to me worthy of acceptance ; 
namely, that the spectra arising from the removal of one electron from 
its normal position in the atom shall be called spectra of the first degree, 
while those due to the removal of two or more electrons shall be called 
spectra of the second or higher degrees. The regular energy level diagram 
thus depicts spectra of the first degree. 

In order to give a general representation of the X-ray spectra of 
different degrees, we present a scheme giving the number of electrons 
which are present at the beginning and at the end of the radiation process 
in the K , L and M groups. We denote by k, l and m the normal number 
of electrons belonging to the K, L and M groups respectively. The 
excitation of the K series is due, then, to the removal of an electron from 
the K group ; according to the preceding theory the emission of the 
Ka x 2 -line corresponds to the falling back of an electron from the L group- 
to the K group. At the close of the emission process the L group lacks 
one electron of its normal number, while the K group is fully occupied. 

According to Wentzel, spectra of the second degree presuppose the 
removal of two electrons from the electron shells. Both may be taken 
from the K group, or one may be taken from the K , the other from an 
outer group. If we restrict ourselves to the cases involving only the 
K and the L series, we have two possible initial conditions, and the two- 
transitions indicated in the following scheme. Corresponding conditions 
and transitions may be supposed for the case of threefold ionization, in 
which, however, the possibility that three electrons have been removed 
from the K group is excluded, since the theory of the manner in which 
the periodic system is built up permits of only two electrons in the first 
group. The absence of a line in the X-ray spectrum corresponding to 
such a state is very direct evidence of the truth of the theory. 


No. of electrons In 

| K group. 

L group. 

j M group. 

Spectra of 1st degree 

{ k -1 

: 4 

I 

I- 1 

! m 

w 

Spectra of 2nd degree 

i ( A- 2 

/ 

; m 


/-I 

m 


a -'- l 

/ 2 

m 

Spectra of 3rd.degree 

{ ini- (A - .1 

1 possible ' _ 2 

/ 

w 


/-I 

m 


f «• *- 1 

! 

1-2 

m 


1 -3 

w 


We have here taken no account of the multiple nature of the L and 
the M groups. We are quite justified in ignoring it, hovever, for it is 
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not yet possible to detect the fine structure of the lines due to this cause. 
.As may be seen from the tables of wave-lengths, the separation of the 
lines a x and a 2 has been obtained only as far dowm as sulphur, while the 
separation of a 3 and a 4 begins only about in this region. These last two 
lines are less sharp than the a v a 2 lines, and their further resolution has 
therefore not been possible up to the present. 

From the explanation given above we may draw certain semi- 
•quantitative conclusions which support Wentzel’s theory. If we compare 
the transitions corresponding to the lines a 6 , a 3 , and a l5 we observe that 
in all three cases the change in the K group is the same, but that the 
changes in the L group are in the regular steps l - 2 to l - 3, /-I to 
/ -2, and / to / - 1. As a first approximation we might therefore assume 

as-a 3 = a 3 -a v 

Similarly, an examination of the transitions a 6 and a 4 shows identical 
♦changes in the K group, while the changes in the L group are the same as 
those for a 3 and a x ; hence we are justified in writing the approximation 

a a -a 4 = a 3 -a 1 . 

A numerical test of these approximate relations is possible only for 
three elements, but in these cases the agreement as shown in Table 39 
-is relatively good. 

TABLE 39. 


'■ 

, 




a, ; a 4 

a- --a ;; 

tt| 

-- 




12 Mg 

0-72 

0-66 

0-65 

13 A1 

0*86 | 

0-79 

0-73 

14 Si 

0-94 

0-90 

0-84 


The line o! which Hjalmar found between a lt 2 and a 3 4 for the 
•elements Na to Ca, Wentzel believed to be an example of spectra of the 
second degree in which the initial and final states should be 


a 


!-1 


m -1 
m -1 


This assumption is not so well verified numerically as the previous 
case. 

In the j3 group of the K series of the lighter elements there are also a 
number of lines which are doubtless to be explained on the basis of Wentzel’s 
“theory. Further, Wentzel points out that certain lines in the L series 
•come under the same classification, as, for example, the harder com¬ 
ponent of a x found by Friman, and called by him a 3 . Investigations of 
.the author (1918) in a region of greater wave-lengths, as for Sn, Ag, and 
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Mo, showed that this a 3 line is probably not a separate and simple line, 
but is rather to be regarded as a complex structure of the short wave¬ 
length side of a x . In the same way Stenstrom has shown experimentally 
that the fine structure of the M series requires for its explanation a 
consideration of multiple ionization. 

In their studies of the L series, Coster and Dauvillier have also con¬ 
firmed this view, and have discovered several other lines which are 
probably to be attributed to spectra of higher degree. Coster is of the 
opinion that on the short wave-length side of the La line there are at 
least three of these lines, partly veiled by the blackening of the con¬ 
tinuous spectrum. He also pointed out several satellites of the line L/3 1 
(see Figs. 74a, 74b, p. 111). 

In a closer study of the above explanation of the satellites, an interest¬ 
ing and important question is whether the multiple ionization takes 
place all at once, or whether the electrons are removed by separate 
absorptions of energy. Wentzel believes the latter to be the case, and 
regards it as an explanation of the fine structure of the absorption edges 
observed by Stenstrom, Fricke, Hertz and others. Since the work 
which is necessary to eject an electron from the K group, for example, is 
slightly different according as to whether the atom possesses its normal 
number of electrons, or has already lost one or more, wo might expect in 
multiple ionization to find the corresponding absorption edge somewhat 
displaced from its normal position. 

As Coster and Rosseland have remarked, liowover, the number of 
atoms which are at any one time in the excited state is so very small 
compared with the number of those in the normal state, that this effect, 
if it exists, will be too small to detect in absorption spectra. Hence to 
explain the fine structure of absorption edges we must turn to other 
possibilities. 

One might determine experimentally whether the excitation of 
spectra of higher degree is a simple process, or whether it takes place in 
several steps, by making a comparison of the voltage necessary to excite 
the satellites with that required for the principal line associated with 
them. If the satellites are excited by the simultaneous ejection of several 
electrons, then they should require a considerably higher exciting voltage. 
The double ionization of the K group, for example, would require a little 
more than twice the voltage necessary to remove one electron. Coster 
sought to answer this question experimentally by photographing the 
principal line of the L series, using greatly different excitation voltages. 
Although the experimental conditions w r ere not so satisfactory as might 
have been desired, the results indicated that when the exciting voltage 
w r as kept low the satellites were repressed. This indicates that the most 

probable process is that of simultaneous multiple ionization . 

s.s. N 
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This question has recently been studied in more detail and with a 
better equipment by E. Backlin, and by the author in collaboration with 
Mr. Axel Larsson. In both cases the tube was worked at a constant 
high voltage. Backlin investigated the spark lines of the K series for 
Al, with which element five such lines belonging to the a group are known : 
a\ a 3 , a 4 , a 5 , a 6 . 

If the detailed scheme proposed by Wentzel for these different lines 
were quite valid, then the excitation of a 3 and a 4 , for instance, would 
require greatly differing minimum potentials—a 3 about 1*62 kv. and a 4 
about 3-10 kv.—if we suppose both electrons to be displaced in one 
process. The tube was worked at a potential nearly equal to the second 
value. Some of Backlin’s results are collected in the following table : 


Potential K.V. 


3'20:b0'0r> 

2- 90 ±0-05 

400 ±0*05 

3- 10 ±0-05 

l_ __ 1 ! ' 

Moreover, Backlin remarks that the relative intensities of the a 3 and 
a 4 lines are about the same at different potentials. These experiments 
seem to indicate that the proposed scheme cannot be quite right. Not 
only docs the a 4 line appear at a lower potential than that necessary for 
a double ionization of the K shell, but the a« line is also visible at that 
potential. 

The measurements of Mr. Larsson and the author were made in the 
L series of molybdenum. The spark lines in the neighbourhood of the 
a line, w ere photographed and compared photometrically at potentials 
ranging from 3 kv. to 40 kv. The minimum potential of the La line is 
about 2*9 kv. At 3*0 kv. only the ordinary lines a 4 and a 2 were seen on 
the plate, but at 4 kv. many faint satellites were already registered. 
No new satellites could be found at twice the potential, so it seems 
to be impossible in one process to eject two electrons from the L shell. 
At about 20 kv. a new satellite first appeared on the plate. This 
potential is a little too small for a simultaneous ionization of both the 
K and the L shells. At 40 kv. no more lines were visible than at 
20 kv. 

In all these cases it thus seems to be the rule that two electrons are 
never ejected from the same shell. This suggests that only with 
configurations in which two or more electrons from different shells are 
near together, they may be ejected by the same exciting electron. 


Current M.A. 

70 
100 
70 
80 


Time of exposure. | 
| Hours. | 


n 

i 

i 

i 


Lines visible on the plate. 


a li2 » a , « 3 , a 4 

a 12 , a/, a 4 , a 5 , 

«i 2 . a', a n , a 4 , a 6 , a« 
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34. X-ray Spectra and Atomic Structure 

It is now generally recognized that the electron transitions which give 
rise to X-ray spectra take place between those quantum orbits which, in 
the normal state of the atom, are occupied by electrons. For this reason 
it is readily understood that X-ray spectra afford one of the most direct 
sources of information concerning the inner structure of the atom. The 
results of early investigations were, therefore, eagerly scanned with this 
end in view. Many authors, among whom we may mention especially 
Sommerfeld, Debye, Kroo, and Vegard, proceeded on the hypothesis that 
the electrons move in circular orbits, and they then endeavoured to 
determine the number of electrons in the rings so as to agree with experi¬ 
mental results, e.g. so as to give the proper magnitude for the screening 
effect of the electrons on the nucleus. In this way they arrived at 
formulae by which certain series of lines could be calculated, in extra¬ 
ordinary agreement with the measured values. But in the first place 
the number of electrons determined in this way, e.g. in the K ring, was 
different from that which one is forced to assume from considerations of 
the chemical properties of the elements ; and, in addition, various other 
results of experiment speak very definitely against a simple ring arrange¬ 
ment of the electron groups. For these reasons the ring hypothesis has 
now been generally abandoned. We will cite here only one point 
further in connection with these earlier theories ; Vegard first definitely 
expressed the condition that the electron groups reckoned from within 
outwards must be associated with the quantum numbers 1, 2, 3, 4, etc. 

The Bohr theory of the atom differs considerably from the atomic 
hypotheses just mentioned, and from its commencement it has occupied 
an important position with regard to X-ray spectroscopy. As is now 
well known, Bohr’s conception is that the atom is built up, starting from 
the nucleus, by the successive binding of one electron after another, 
until each element has a number of electrons equal to its atomic number. 
The atomic system thus built up by Bohr from entirely general principles 
has proved itself very satisfactory and very fruitful in a somewhat 
thorough study and discussion of phenomena in the domain of X-ray 
spectroscopy. That the theory is in accord with the fundamental features 
of X-ray spectra is evident from a comparison of the general level diagram 
of Rontgen spectra with the Bohr atomic table. In Table 40, which is 
Bohr’s representation of the electron orbits for a series of elements, we 
find all the characteristics of X-ray spectra represented ; the innermost 
group has two electrons, as we would be led to expect for several reasons, 
among others by Wentzel’s theory of the K spectra of higher degree in 
the case of the light elements ; the K group is a one quantum group, and 
both electrons have equal energies, which agrees with the fact that the 
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K level is single ; in the two quantum L group we have two electron orbits 
of different energies, corresponding to the auxiliary quantum numbers 
1 and 2 ; in the three quantum M group there are three types of orbit, 
represented by 3 X , 3 2 and 3 a ; then the quantum number continues to 
rise for the outer groups until it reaches six for the P electrons. We need 
only compare the quantum numbers at the top of the table with the 
quantum numbers of the level diagram of p. 173 to see how completely 
the two systems agree. The only difference lies in the fact that we find 
that the presence of the screening doublet necessitates in the energy level 
scheme the doubling of certain levels which have the same principal and 
auxiliary quantum numbers. But this arises from causes which we have 
already discussed several times ; the general reasons underlying it are 
easily understood, and, as Bohr has pointed out, it is quite in accord with 
the atomic system. The table represents the types of orbits and the 
grouping of electrons for the normal atom which has its full quota of 
electrons. If one electron be removed from one of these subgroups, the 
remaining electrons have the possibility of arranging themselves in dif¬ 
ferent ways. Why this occurs only in certain cases, and then in only 
two ways, is not yet properly understood. 

A significant point in the Bohr theory of atomic structure is that the 
electron orbits of the outer groups penetrate deeply into the electron 
system. This circumstance, which gives rise directly to the characteristic 
doublet features, has already been discussed under the Sommerfeld 
doublet theory. A detailed analysis of this question may be found in a 
recent article by Bohr and Coster,* where the effect of this penetration of 
the electron orbits upon the principal quantum number is also considered, 
since this number may be considered as being modified by the presence 
of the electron for a portion of its path among the innermost orbits. 

It is very important to enquire whether the beginning of orbits of 
higher quantum number at certain elements, or the completion of groups 
of inner quantum orbits in certain groups of elements can be observed in 
Rontgen spectra. We have already stated in the discussion of the 
general scheme of energy levels that a smaller number of energy levels 
suffices for the explanation of the experimental results in the case of the 
lighter elements, than for the heavier elements. On account of experi¬ 
mental difficulties it has so far been impossible to demonstrate just at 
which element a new level begins. In no case, however, has an energy 
level been found which is not represented in the Bohr table by the 
corresponding type of electron orbit. The possibility is not excluded, 
however, that there may be lines, especially in the case of the lighter 
elements, representing transitions from unoccupied orbits. 


Zeitschrift ffir Physik, vol. 12, p. 342 1923. 



TABLE 40. 

Types of electron orbits of the elements. 
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3 Li 

2 
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4 Be 

2 

2 















5 B 

2 

2 
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10 No 

2 

4 

4 














11 Na 

2 

4 

4 

1 













12 Mg 

2 

4 

4 

2 













13 A1 

2 

4 

4 

2 

1 












18 A 

2 

4 

4 

4 

4 












19 K 

2 

4 

4 

4 

4 


1 










20 Ca 

2 

4 

4 

4 

4 


(2) 










21 Sc 

2 

4 

4 

4 

4 

1 

(2) 










22 Ti 

2 

4 

4 

4 

4 

2 

(2) 









29 Cu 

2 

4 

4 

6 

6 

6 

1 










30 Zn 

2 

4 

4 

6 

6 

6 

2 










31 Ga 

2 

4 

4 

6 

6' 

6 

2 

1 









36 Kr 

2 

4 

4 

6 

6 

6 

4 

4 









37 Rb 

2 

4 

4 

6 

6 

6 

4 

4 



1 






38 Sr 

2 

4 

4 

6 

6 

6 

4 

4 



2 






39 Y 

2 

4 

4 

6 

6 

6 

4 

4 

1 


(2) 






40 Zr 

2 

4 

4 

a 

6 

6 

4 

4 

2 


(2) 






47 Ag 

2 

4 

4 

6 

6 

6 

6 

6 

6 


1 






48 Cd 

2 

4 

4 

6 

6 

6 

6 

6 

6 


2 






49 In 

2 

4 

4 

6 

6 

6 

6 

6 

6 


2 

1 





64 X 

2 

4 

4 

6 

6 

6 

6 

6 

6 


4 

4 





55 Cs 

2 

4 

4 

6 

6 

6 

6 

6 

6 


4 

4 


1 



56 Ba 

2 

4 

4 

6 

6 

6 

6 

6 

6 


4 

4 


2 



57 La 

2 

4 

4 

6 

6 

6 

6 

6 

6 


4 

4 

1 

(2) 



58 Ce 

2 

4 

4 

6 

6 

6 

6 

6 

6 

1 

4 

4 

1 

(2) 



59 Pr 

2 

4 

4 

6 

6 

6 

6 

6 

6 

2 

4 

4 

1 

(2) 



71 Lu 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

4 

4 

1 

(2) 



72 Hf 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

4 

4 

2 

(2) 



79 Au 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

1 



80 Hg 
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4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

2 



81 Tl 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

2 

1 


86 Nt 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

4 

4 


87- 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

4 

4 

i 

88 Ra 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

4 

4 

(2) 

89 Ac 

2 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

4 

4 l 

(2) 

90 Th 

2 

_ 

4 

4 

6 

6 

6 

8 

8 

8 

8 

6 

6 

6 

4 

4 2 

(2) 

118 ? 

2 

4 
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6 

6 
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S_ 
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8 
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8 

8 8 
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6 6 

4 4 
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Though the empirical material yields little that is conclusive con¬ 
cerning the building up of the outermost electron groups, conditions are 
more favourable, as Bohr and Coster have shown, when we come to 
examine the spectra for evidence of the completion of an inner group of 
electrons. From Bohr's table we observe that such a completion of the 
M group occurs in the neighbourhood of the iron group, in the N group a 
similar phenomenon takes place in the palladium family. A more 
striking remodelling of the N group occurs in the rare earth group of 
elements. 

Figs. 89 and 90, taken from Bohr and Coster’s paper, show that this 
building up of the electron groups in two or more steps may be recognized 
from the shape of the energy level curves, which are drawn from the 

values of ^ i n Table 38. 

Of the three levels in the L group, L 2 and L s form a screening doublet, 
and their curves run nearly parallel, while L x and L 2 constitute a relativity 


doublet whose separation A 



steadily decreases with decreasing atomic 


number. Likewise in the M and N groups w T e find alternately the two 
types of doublets. 

That the course of the curves is actually in agreement with this 
qualitative assertion of the Bohr atomic table concerning the com¬ 
pletion of inner orbits, is shown in the L and M levels at the iron group, 
in several of the levels at the palladium group, but especially clearly in 
the rare earth group. This latter region may best be observed in the 
enlarged Fig. 90. Moreover, the measurement of the levels concerned is 
most easily carried out in this portion of the table. It is yet too soon to 
enter into details here, for further investigations will certainly yield 
important results along these lines. 

We may call attention here to an interesting point, which is beautifully 
shown in the diagrams reproduced above. We have found the levels, 
which have been well determined numerically in the case of uranium, to 
be associated in groups, and always in such a manner that the lowest 
level of one group lay above the highest level of the group next below. 
This is not always the case, as is shown by the course of the level curves 
for N x and N 2 , which for lower elements cross over the highest 0 levels. 
This fact is easily understood in the light of Bohr’s ideas, for in the course 
of the building up of the atom it happens several times that higher 
quantum orbits build up before the lower, since in the former the binding 
is stronger. 

A more direct way of studying the connection between the process of 
atomic building and X-ray spectra has been followed by Mr. Ray and the 
author. As may be seen from Table 40, the three inner groups (X, L 
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and M) in the Bohr scheme are unaffected by the building-up process 
from the element Cu 29 upwards. But below copper the re-arrangements 
of the outer electrons affect the M group. It must be supposed that this 
variation in the M group may have such a great influence on the two 
inner groups (K and L) f that irregularities in the spectral lines correspond- 
ing to transitions between these two groups may be revealed by measure¬ 
ments. As shown by the following Table (40b) and Fig. 90b, this 

TABLE 40b. 


z 

A in X.U. 

A i' 

n . (z-ti i 

16 S 

2-85 

•3686 

17 Cl 

3-15 

•3868 

19 K 

3-38 

•3820 

20 Ca 

3-26 

•3565 

21 Sc 

3*37 

•3576 

22 Ti 

3-45 

•3643 

23 Va 

3-60 

•3763 

24 Cr 

3-89 

•3836 

25 Mn 

4*08 

•3949 

26 Fe 

4*22 

•4019 

27 Co 

419 

•3920 

28 Ni 

3-90 

•3588 

29 Cu 

3-86 

•3514 

30 Zn 

3-82 

•3475 

32 Ge 

3-91 

•3439 

33 As 

3-97 

•3459 


Z 

aa in X.U. 

Ar 

ilTTz —3-5) 

34 Se 

403 

•3455 

35 Br 

404 

•3453 

37 Rb 

4-12 

•3477 

38 Sr 

417 

•3529 

39 Y 

4-18 

•3463 

40 Zr 

4-21 

•3493 

41 Nb 

4-25 

•3509 

42 Mo 

4-28 

•3523 

44 Ru 

4-34 

•3549 

45 Rh 

4-36 

•3550 

46 Pd 

4-39 

•3564 

47 Ag 

4-43 

•3588 

48 Cd 

4-43 

•3603 

49 In 

4*43 

•3576 

50 Sn 

4-47 

•3617 

74 W 

4-67 

•3987 



Fig. 90b. 

supposed effect is actually found when we measure the distance between 
the Ka x and a 2 lines. As best seen from the curve for the wave-length 
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differences AA, this difference follows a regular and smooth curve from 
W 74 down to Zn 30, where it begins to deviate from this regular form 
and attains a first maximum at Fe 26. At Ca 20 a point on the curve is 
reached which nearly corresponds to the value extrapolated from the 
smooth curve for the higher elements. After this a second periodic rise 
sets in. 


TABLE 40c. 


z 

AX in X.XT. 

z 

AX ill X.V. i 

Z 

AX ill X.V. 

z 

AX in X.XJ. 

41 Nb 

7-58 

51 Sb 

9-22 

60 Nd 

10-05 

71 Lu 

10-69 

42 Mo 

8-23 

52 Te 

9-40 

62 Sin 

1035 

73 Ta 

10-93 

44 Ru 

815 

53 T 

9-48 

63 Eu 

10-50 

74 W 

11-02 

45 Rli 

7-78 

55 Cs 

9-42 j 

64 Gd 

10-81 

78 Pt 

11-39 

46 Pd 

7-72 

56 Ba 

9*33 ' 

66 Dy 

10-95 

79 Au 

11-45 

47 Ag 

8-16 

57 La 

9*22 

67 Ho 

11 02 

81 T1 

11-53 

48 Cd 

8-51 

58 Ce 

9-18 

68 Er 

11-10 

82 Pb 

11-54 

49 Iu 

50 fin 

8-80 

8-95 

59 Pr 

9 74 ; 

70 Yb 

11-12 

92 U 

11-81 


A A in X. U. 



All these measurements w r ere carried out with the pure elements. As 
the outer group is strongly affected by the chemical binding for the lower 
elements, it was presumed that the same element in different chemical 
compounds would give slightly different values. Mr. Ray has made some 
preliminary investigations on this question, and has found that such an 
effect really exists. It may be remembered in this connection that it is 
a rather difficult matter to study the X-ray emission spectrum of an 
element in a specified chemical compound, as one can never be Bure that 
the substance placed on the anticathode is really the same as that emitting 
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the observed spectrum. The strong bombardment with cathode rays, 
and the intense heating that inevitably accompanies this process, will in 
most cases cause a disintegration of the substance. 

In the table and in the figure are also given the values of the function 

1 

(X=3 t 5T 4 R 

calculated from the wave-lengths differences found experimentally. 
This function plays an important part in the doublet theory of Sommer - 
feld (§31). As we pass from the highest element down to atomic number 
40 the numerical value of this function as shown in Table 32 and Fig. 85 
decreases and approaches asymptotically the value 0*332 x 3 0~ 5 , which 
is the theoretical value for the corresponding doublet of the hydrogen 
spectrum, where the screening constant d is zero. The large variations 
of the above expression are naturally due to the fact that the screening 
constant cannot be taken to have the same value, 3-5, for the lower 
elements here investigated, for it varies with the different arrangement 
of the electrons in the nearest outer group. 

Phenomena of this kind may also arise in other scries in X-ray spectra. 
Bay has carried out an investigation of the doublet La x a^ which repre¬ 
sents a transition of an electron from the M group to the L group. As 
seen from Table 40, the Bohr scheme makes it probable that irregularities 
are to be expected in at least two places between the elements 40 and 92. 
The experimental results, which are given in Table 40c and Fig. 90c, 
show some obvious deviations from the smooth curve, but the general 
character of the curve is not as simple and definite as for the Ka doublet. 
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THE CONTINUOUS X-RAY SPECTRUM 

35. The General Character of the Continuous Spectrum 

Just as in the ordinary optical domain we meet with line spectra and a 
continuous spectrum extending over a long range for wave-lengths, so we 
also find these two types of spectra in the region of X-rays. The con¬ 
tinuous X-ray spectrum is often called the u white ” spectrum, from the 
optical analogy. In fact, in the application of X-ray tubes to medical 
work the white radiation plays the most important part, for it usually 
contains by far the greater part of the intensity. In many cases the line 
spectrum does not even get out of the tube, as, for example, in the case 
of a tube with a tungsten anticathode actuated by a maximum voltage 
of 70 kv. At this voltage the K radiation is not yet excited, and though, 
of course, the L , M 9 etc., line radiations are produced, the M and higher 
groups do not pass through the walls of the tube at all, and even the 
L group is so strongly absorbed by the glass wall that its intensity outside 
the tube is negligible compared with that of the continuous radiation. 

Conditions are different in the case of tubes having anticathodes of 
materials such as Ag, Pd, Rh and Mo, which are often used in commercial 
tubes. The characteristic radiation from these elements, as we have 
already stated, and as may also be seen from the tables, lies just in the 
region of radiation which is most used in professional work, namely, 
between wave-length limits of about 100 to 800 X.U. In general, a 
potential of 70 kv. is ample for exciting the radiations in question. These 
tubes, therefore, afford a composite radiation, consisting partly of white 
and partly of characteristic radiation. Since the characteristic radiation 
is localized in a very narrow region of wave-lengths, namely, the four 
lines a 2 , a l9 ($ l9 (3 29 the white, rather than the characteristic radiation, 
should in this case also constitute the greater part of the total energy. 
This is a point which is often overlooked, because when measurements 
are made with the Bragg spectrometer in the usual way, the ionization 
current, when a setting is made on a line, causes a very large deflection 
of the electrometer in comparison with that due to the white radiation. 
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The large range of wave-lengths in the white radiation, however, counts 
more heavily for the total radiation than do the characteristic rays which 
are strongly concentrated into a few homogeneous lines. 

In this connection we may mention an analogous phenomenon which 
is not always properly represented in the literature. For the production 
of homogeneous rays many experimenters expose a secondary radiator, 
such as silver, to the radiation from a commercial tube, and assume the 
resulting characteristic radiation from the silver to be monochromatic. 
The radiation obtained in this way indeed 
manifests the properties of monochro¬ 
matic rays to a degree sufficient for many 
purposes, especially if a filter is used which 
absorbs strongly all radiation softer than 
the characteristic radiation. If one deter¬ 
mines the absorption coefficient in Al, 
according to the method used some time 
ago by Barkla, the result is a tolerably 
constant absorption coefficient which leads 
one to suppose that the radiation is really 
monochromatic. This is not really the 
case, however, as will appear from what 
follows, and one must be careful in drawing conclusions from such 
experiments, which presuppose a really monochromatic radiation. The 
continuous spectrum, which has not so much effect on absorption 
measurements, is nevertheless always present, and in other respects may 
be of much greater consequence. 

A typical continuous spectrum from an X-ray tube, in which the line 
spectrum does not appear, is shown in Fig. 91. This curve was obtained 
by the Bragg spectrometer method, in which crystal and ionization 
chamber are set at frequent intervals throughout the range of wave¬ 
lengths present, and the ionization current measured for each setting. 
This curve does not really give the true intensity distribution, for several 
reasons which we will discuss in detail later, but of which we will here 
mention the two most important. The first is, we cannot assume the 
ionization current to be proportional to the intensity of radiation for 
different wave-lengths. The second reason is that the ionization current 

o 

gives, e.g. in the position corresponding to a wave-length of 0*8 A., not 
only the ionizing effect of the radiation of this wave-length, but also in 
part that due to a wave-length of 0*4 A. reflected in the second order. 
At greater wave-lengths the curve is further disturbed by orders still higher 
than the second. Since the curve begins at 0*34 A. the spectrum of the 

o 

second order will appear first at about 0*68 A., so that the deformation of 
the curve due to this cause does not occur below* the latter wave-length. 



Wave-length (cm. xJ0 s ). 


KiG. 91. The continuous radiation 
from an X-ray tube recorded by the 
Bragg ionization method. 
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In spite of the many distorting influences this curve still shows 
certain general features of the continuous radiation. One of the most 
important of these is that the curve rises abruptly on the short wave-length, 
side. In this respect the curve differs fundamentally from the curve for 
the radiation of a “ black ” body, though otherwise the curves have an 
external resemblance. 

The fact of the abrupt beginning of the ionization curve has been 
definitely established by a considerable number of experimenters, and 
thereby the validity of the fundamental Einstein photo-electric law has 
been proved for this region of wave-lengths. This well-known law, 
which gives a general quantum relation between the radiation emitted or 
absorbed and the energy of the incident or the ejected electrons, is 
expressed thus : 

e V — hv. 

In the case in hand this means that the energy e V, acquired by the 
electron in falling through the difference of potential V (the voltage on 
the tube), is transformed by collision with the anticathode into the energy 
of a homogeneous wave-train of frequency v. According to the theory 
of Rontgen radiation, which assumes the sudden change in velocity of 
an electron to be the cause of the radiation, there is a maximum frequency 
corresponding to the complete stoppage at a single collision of electrons- 
possessing the maximum velocity afforded by the applied voltage. This 
maximum frequency is manifested in the sudden beginning of the curve 
on the short wave-length side. 

The experimental determination of the position of this limiting 
frequency has shown it to be, in agreement with the theory, independent 
of the material of the anticathode: Wagner has also shown, in an 
investigation carried out with great accuracy, that this limiting frequency 
is quite independent of the direction of the emitted radiation with respect 
to the cathode ray stream. This was of special interest because the 
aether pulse theory requires a smaller width for the pulse in the direction 
of motion of the cathode rays than in other directions. Wagner’a 
measurements extended to a tube potential of 10 kv., and Webster later 
showed the independence of limiting frequency and direction up to 67 kv. 

There have also been investigations of the validity of the Einstein 
relation for widely different voltages. The result is that the equation 
has been found to be true even for the very highest electron velocities 
attained. For example, Wagner carried out very accurate measurements- 
in the interval 4500 to 10,500 volts; Muller, by a photographic method,, 
worked with voltages between 18,000 and 28,000 ; Duane and Hunt, who 
were the first to make accurate measurements to solve this question, used 
I>otentials from 25,000 to 39,000 volts. Webster made his investigations 
in about the same region of from 20,000 to 40,000 volts, whilst Hull and. 
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Rice verified the relation to 100,000 volts, and made some measurements 
as high as 150,000 volts. On the whole we can, therefore, say that the 


equation has been demon¬ 
strated to hold in the entire 
region extending from a few 
volts in the photo-electric- 
effect up to the highest 
voltages which can be attained 
and measured in X-ray work. 

The first characteristic of 
the continuous Rontgen radia¬ 
tion, namely, its limit on the 
short wave-length side, has 
thus now become well known, 
and is subject to a very 
simple law. The second 
fundamental feature of the 
white radiation, which is also 
very important for practical 
work, is the total intensity. 
We shall take the third to be 



the distribution of intensity 
among the different wave- 


Fio. 92. Intensity distribution (unoorrectcd) of the 
continuous radiation from ft tungsten anticathode at 
various voltages, taken by T'lrey. 


lengths. Between the last two there is, of course, the simple relation 
that the former may be obtained from an integration of the latter. As a 



Angle of Reflection with NaC! 


FlG. 93. Intensity distribution (uncorrected) of 
the continuous and line radiation from a tungsten 
anticathode, by Huli and Kice. 


matter of measurement, the total 
intensity can be determined di¬ 
rectly, thus avoiding certain sources 
of error which are introduced when 
the radiation is resolved into a 
spectrum. In both cases, as we 
shall show later, it is not the energy 
of the radiation itself which is 
determined, but rather a measure 
of its ionizing action. Just how 
these two quantities are related 
for different wave-lengths is yet an 
open question. 

As an illustration of the inten¬ 
sity distribution, we reproduce in 
Fig. 92 the curves which were 
obtained by Ulrey by the ionization 
method from an X-ray tube with 
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tungsten anticathode, using the constant voltages 20, 25, 30, 35, 40 and 
50 kilovolts, and making no correction for the various sources of error. 
In addition to the displacement towards short wave-lengths with increas¬ 
ing voltage demanded by the Einstein relation,observe also a marked 
increase in the intensity for all wave-lengths. In this work the voltage 
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that the characteristic K 
radiation of tungsten was not 
380 excited. If the voltage be in- 
330 creased sufficiently the curves 
aoo take on a complicated appear- 
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rig. 93 represents a set of 
210 such curves taken by Hull and 
180 Rice under the same condi- 
iso tions, but with voltages of 
120 from 40 to 90 kv. Particularly 
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30 the first three orders. In a 
o later paragraph we shall return 
to these experiments and to a 
study of the curves. 
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Finally, we reproduce in Fig. 94 some spectrometrie measurements by 
Behnken which may be of interest from the practical standpoint, because 
they were not obtained like the former ones with a direct current voltage 
but from the A.C. commercial supply, which is the one ordinarily at hand. 
For direct comparison two of Ulrey’s curves are reduced to the proper 
proportions in the ordinate scale and plotted beside those of Behnken 
for a corresponding A.C. voltage. Since the curves obtained by the 
alternating current voltage consist of a series of direct voltage curves 
with very different frequency limits, all combined into one, it is 
surprising how nearly identical the curves are. As Behnken pointed 
out, this comparison is not entirely justified, because the observa¬ 
tions were taken under greatly different conditions. Among other 
things the crystals were different, Ulrey employing calcite and Behnken 
rocksalt. 
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36. Determination of the Limiting Wave-lengths of the Continuous 
Spectrum and the Evaluation of Planck’s Constant h 

The experimental determination of the limiting wave-length excited 
by a given tube voltage is not only of great significance for Rontgen 
spectroscopy, but it also affords a most excellent method for the evalua¬ 
tion of the constant h, which is of such great importance in the entire 
field of radiation. It is therefore not surprising that after Duane and 
Hunt had first demonstrated the validity of the Einstein equation in this 
region of wave-lengths, the problem of the constant h was attacked by a 
number of investigators with results ever increasing in accuracy. 

There arc two ways, which differ essentially in principle, for carrying 
out the measurements. In the first method the voltage on the tube is 
kept constant, while the crystal and the ionization chamber are turned 
over the region in which the wave-length limit is located ; in other words, 
that part of the distribution curve is obtained which is necessary for the 
determination of the limiting wave-length. In the second method the 
crystal and ionization chamber are held fixed upon a certain wave-length, 
while the voltage is raised until a wave-length corresponding to the fixed 
position of the crystal is excited. Then the voltage is raised slightly and 
the ionization current measured. By subsequent extrapolation to the 
intensity zero of the ionization current the voltage is obtained which 
corresponds to the limiting wave-length given by the setting of the 
crystal and ionization chamber. In addition to these two methods, 
which require the use of a Bragg ionization spectrometer, the photographic 
method is also employed. In this method, that part of the spectrum in 
which the limiting wave-length lies is photographed, while the voltage on 
the tube is, of course, kept constant. 

As an example of the first method we need only refer to the investiga¬ 
tions of Webster already discussed on pp. 92-94, and especially to 
Eig. 70c. As indicated in that figure, the spectral curves were taken at 
40-0, 31*8 and 23*2 kv., and the short wave-length limits were respectively 
0*312, 0*387 and 0-531 A. From Einstein’s equation 

eV=hv t 


we have 


_ eVk 
“"300 c 9 


where V is expressed in volts. Using Millikan’s value of e = 4-774 x 10~ 10 
E.S.U. and the above values of V and A, we find 

h ~ 6*60] 

h = 6-53 x 10~ 27 erg. sec. 

7 i= =G-53j 


Another illustration is afforded by the numerical values of voltage 
and limiting frequency shown by Ulrey’s curves for tungsten in Fig. 92. 

From these data the following values of h are calculated, 
s.s. o 




The second of the methods stated above, in which the intensity at 
a given wave-length is determined as a function of the tube voltage, is 

somewhat more accurate. Among 
the determinations of the constant 
h made in this manner we shall 
describe the very careful measure¬ 
ments of Blake and Duane, and 
also those of Wagner. 

In both cases an ionization 
spectrometer of the Bragg type 
was employed, but while Blake and 
Duane worked with moderately 
high voltages, 3G to 42 kv., and 
therefore with wave-lengths of the 
order of 0*3 A., Wagner used a 
gas-filled tube and much lower 
voltages, 4*5 to 10-5 kv., corre¬ 
sponding to wave-lengths from 
2-0 to 11 A. 

These different ranges of vol¬ 
tage involve different sources of 
error, and consequently different methods of overcoming the errors. 

In order to avoid electrostatic disturbances at the relatively high 
potentials used, Blake and Duane set up their ionization spectrometer in 
a large metal case. The X-ray tube, which was supplied with power 
from a storage battery, was placed in a special chamber together with the 
instruments for measuring the voltage applied to the tube. The special 
form of the ionization chamber—a sealed glass vessel—has been already 
described. One of the greatest difficulties here was the determination of 
the applied voltage. For this purpose Blake and Duane employed an 
electrostatic voltmeter consisting of four large metal spheres, of which 
two were fixed, while the other two were attached to a bifilar suspension. 
The rotation of the movable pair of spheres with the voltage used was 
sufficient to cause a deflection of 800 mm. on the scale, and this deflection 
could be estimated to 0*1 mm. The voltmeter was calibrated by direct 



Voltage in kilovolts 
Fl(J. 95. 
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comparison with the fall of potential over a high resistance of 894,700 
ohms, the current through which was read from a milliammeter. 

The crystal was calcite, and since at these short wave-lengths the 
rays penetrate the crystal to a considerable extent, a correction is neces¬ 
sary on this account. Another correction must also be made for the 
finite width of the X-ray beam, which may be determined from the slit 
width. The result of this latter source of error is that the curves do not 
continue as straight lines down to the zero axis, but are rounded off as 
shown in Fig. 95. These curves were taken symmetrically on both sides, 
so that the wave-length 
might be determined inde¬ 
pendently of the direction 
of the incident beam. 

As a mean value of these 
measurements, together with 
several made by the first me¬ 
thod (constant voltage and 
rotating ionization chamber), 

Blake and Duane reported 
h — 6*555 x 10~ 27 erg. sec. 

Later (1921) Duane, to¬ 
gether with H. H. Palmer and 
Chi-Sun Yeh repeated the de¬ 
termination, measuring the 
voltage by the potentiometer 
method and a high resistance of 10 megohms. The result, which agreed 
very well with the previous one, was h~ (6*556 ±0-009) x 10~ 27 erg. sec. 

In E. Wagner's very careful experiments for the determination of h , 
he used, as already stated, a gas-filled tube driven by a storage battery. 
It was shown by special tests that neither the gas pressure nor the kind 
of gas in the tube had any influence upon the results. Wagner also 
showed that the kind of crystal used had no effect, by making measure¬ 
ments with NaCl as well as with KC1. Finally, he used Cu and Pt as 
anticathodes in order to make certain that the value of the constant 
obtained was independent of the material used as radiator. 

As voltmeter Wagner used the electrostatic index instruments of 
Hartmann and Braun in Frankfurt. The calibration was done by com¬ 
bining smaller voltages, which were measured by the help of 51 Weston 
standard cells. 

The typical course of an intensity curve with increasing voltage is 
seen in Fig. 96. The sudden rise may be seen plainly here, and it is 
followed by a portion of the curve which is nearly straight. At a certain 
point, however, the curve suddenly changes its direction. For the 
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measurements desired this angle in the curve has, of course, no significance 
whatever, but it appears that the change of direction is something quite 
characteristic of the curves, as Wagner verified on a later occasion by 
measuring the total intensity. An explanation of this peculiarity has not 
yet been given. 

For a final result of his first investigation Wagner found 
h = 6 *49 x 10~ 27 erg. sec. 

and in a repetition of the experiment with improved technical facilities 
he obtained h = 6‘52 x 10~ 27 erg. sec. 

The last determination of this constant which we will mention is that 
made by Muller, using the photographic method, in which he utilized an 
influence machine as the source of high potential, a gas-filled tube for 
the production of X-rays, and a number of different materials as anti¬ 
cathode. This method, if employed skilfully, without doubt affords a 
high degree of accuracy, but Muller’s aim was not so much to measure h 
w r ith the highest precision possible as to settle what was at that time a 
disputed point. From certain experiments which have since been shown 
not to be entirely free from objection, the question had been raised 
whether the characteristic radiation might not exercise some influence on 
the limiting frequency. Muller sought to prove that there w r as no such 
effect by using different materials, Cu, Ag, Pb and Pt as anticathode, and 
thus measuring the limiting frequency for different conditions as regards 
characteristic radiation. His measurements gave the expected result, 
namely, that the frequency limit is quite independent of the character¬ 
istic radiation of the anticathode, a fact which was also established 
beyond doubt by various other investigations. The mean value of 
Muller’s measurements was 

^ = 6*57 x 10~ 27 erg. sec. 

A summary of the values of h obtained by different authors is found 
in the following table : 

TABLE 41. 


Author. 

Potential kv. 

Crystal. 

Anticathode. 

h x 10'tf 

Duane and Hunt 

25—39 

Calcite 

w 

6-50 

Webster 

23—40 

> f 

Rh 

6-55 

Ulrey 

20—50 

99 

w 

6*54 

Muller 

15—28 

Kocksalt j 

CuAgPbPt 

6-57 

Blake-Duane 

40 

Calcite | 

W 

6-555 

Wagner 

4-5—10-5 

KC1 and NaCl 

CuPt 

6-52 


For comparison with the results of measurements obtained by other 
means than X-rays a table is added which is taken from a report by 
Ladenburg on measurements of h (Jahrb. d. Rad . 17, 1920): 
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TABLE 42. 


Method. j h . 10 27 . 

1. Radiation measurements : 

(a) Tsochromatics of Warburg and co-workers 

(c 2 = 1-430). 6-540±0-02 

( b) Stefan-Boltzmann constant of total radiation, 

cr=5-8x ]0“ 5 (Gerlach).6-518±0-03 

2. From the quantum equation : 

(a) Photoelectric measurements of : 

Millikan for Na and Li - - - - 6-571 

Hennings and Kadesh for Mg, Al, Zn, Cu, Fe, Sn - 6-43 

(b) Resonance and ionization potentials, mean of 16 

values - 6-58 ±0*03 

Ionization potential of He and Hg - - - 6-54 ±0-03 

3. From Bohr’s series formula : 

Pasclien : measurement of the Rydberg constant 

J? x = 109, 737 . 6-545±0-013 


37. Total Intensity and Intensity Distribution in the Continuous Spectrum 

The early researches of Seitz, Carter, Whiddington, Beatty and 
others agree uniformly on the following simple approximate relation 
between the total energy of the X- 
radiation and the voltage applied to the 
tube : The total energy is proportional 
to the square of the voltage. The law w 
presupposes that the current remains J2 

constant and that the characteristic | 
radiation is not excited, or that it is § 10 
deducted from the total radiation. J 6 
Since the velocity of the cathode rays | 
satisfies the equation * 6 

hnv 2 =eV, * 

we may express the law in another z 

form : yThe total energy is proportional 
to the fourth power of the velocity of the 0 
cathode rays exciting the radiation, . By 
determining the area under Ulrey’s curves (Fig. 92), which have 
already been discussed, we obtain results agreeing with the above law. 
The areas under these curves, taken as far as 0*975 A, are given, together 
with the corresponding voltages, in the following table. These values 
plotted in Fig. 97, show that the total energy is nearly proportional to 
the square of the voltage applied to the tube. 



Fig. 97. 
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Tube voltage kv. 
20 
25 
30 
35 
30 
50 


Area by integration. 

0-46 

1-85 

3-96 

6-78 

1006 

16-34 


This result is, indeed, not very convincing, because there are con¬ 
siderable sources of error for which no correction has been made. If 
one wishes merely to determine the total radiation, this roundabout 
method with the distribution curves is not to be recommended. 

Duane and Shimizu made a direct measurement of intensity with 
modem apparatus, and although their primary object was to investigate 
the dependence of the total radiation on the atomic number of the 
element, yet their results also serve to show the relation between total 



*T(i. 98. 

radiation and voltage. In the above measurements of Ulrey the anti- 
cathode was of tungsten. Duane and Shimizu, however, used the four 
light elements, Cu, Ni, Co and Fe. The range of voltage extended from 
20 to 40 kv. They worked with the ionization method, and used the 
rays which came from the anode surface at almost the grazing angle, 
without dispersing them into a spectrum. The Coolidge tube, shown in 
Fig. 98, was provided with an anode consisting of a plate of four sectors 
composed of the metals named above, which could be brought in turn, 
by rotation of the anode, into the focus of the cathode rays. The results 
of the measurements are summarized in the following table : 


TABLE 43. 


Tube voltage 

1 Ionization current (volts/sec.). 

kv. 

29 Cu. 

28 Ni. 

• 27 Co. 

26 J?'e. 

19*14 

0-0248 

0*0240 

0-0227 

0*0220 

21*43 

0-0386 

0*0375 

0-0344 

0*0336 

24*12 

0-0544 

00632 

0-0502 

0*0492 

27*30 

0-0812 

0-0790 

0-0792 

0*0732 

30*11 

0*1088 

0-1061 

0*1021 

0*0981 

32*40 

0*1327 

0*1295 

0-1251 

0*1210 

40*87 

0-238 

0-231 

0*223 

0*214 
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Fig. 99 represents, in the case of Cu, the intensity, measured by the 
ionization current, as a function of the square of the tube voltage, and as 
the curve shows, they are very nearly proportional. It is to be noted 
that the soft characteristic radiation was absorbed before reaching the 
ionization chamber, and hence was not measured. 

Even though the conclusions of various authors, in their investiga¬ 
tions of the relation of total intensity to voltage, are in good accord with 
each other in so far as they 
find the intensity to vary as 
the square of the voltage, 
independently of the absolute 
value of the voltage and of the 
material of the anticathode, 
yet the agreement is not so 
good when we pass to the V 
question of the dependence 
of the total radiation on the t 
atomic mini her of the element. 5 

It has been known since the g 
first experiments of Rontgen J 
that the X-radiation depends | 
very greatly on the material ® 
of the anticathode. In a 
qualitative way it is also 
generally admitted that the 
heavier elements give a more 
intensive radiation than the 
lighter ones, a fact which is 

taken into consideration in FiU.J>9. liiti'iiRit.y of the total rnclifttionn» a function of t-lic 
. square* of the tube voltage, by Duane and Shimizu. 

the choice ot materials such 

as platinum and tungsten for anticathodes in commercial tubes. 

The more definite quantitative relation between intensity and atomic 
number was not easily settled. Among the earlier investigations of this 
question we shall describe those of Kaye, which were carried out with 
great skill and in considerable detail. The apparatus used by him has 
already been reproduced in Fig. 21b, p. 34. The X-ray tube with 
changeable anticathode was driven by an induction coil at a voltage 
which was held as nearly constant as possible. By interposing a 
suitable filter, usually 2 mm. of Al, the characteristic radiation was 
mostly absorbed, and hence did not enter the ionization chamber 
The ionization currents thus obtained are a measure of the relative 
total intensities of the radiation from the various elements, and are 
given in the following Table 44. In this table we have included the 
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atomic numbers of the elements as well as the densities and melting 
points. 


TABLE 44. 


Element. 

r 

Total intensity, i 
(Ionization current) ; 
Vt J00. i 

Density. 

Melting point 

An 79 

101 

19-3 

1066 

Pt 78 

100 

21-5 

1750 

Ir 77 

98 

22-4 

2290 

Os 76 

97 

22-5 

2700 

W 74 

91 

19-3 

3200 

Ta 73 

90 ; 

16*6 

2900 

Pd 46 

55 

114 

1550 

Rli 45 

54 

12-4 

1900 

Ru 44 

53 i 

12-3 

1950 ? 

Mo 42 

50 | 

8-6 

2500 

Nb 41 

49 

12-7 . 

2200 V 

Zr 40 

47 ; 

4-1 

1300 

Y 39 

46 

3-8 

— 

Cu 29 

33 

8-9 

1084 

Ni 28 

30 ! 

8*8 

1470 

Co 27 

30 ! 

8*6 

1480 

Fe 26 

27 | 

7-9 

1530 

Mil 25 

26 

7*4 

1260 

Cr 24 

25 

6*5 

1520 

Va 23 

24 

5*5 

1720 

Ti 22 

( 22 

3*5 

1800 


Kaye himself showed the relation of his measured values of the total 
intensity to the atomic weight, but since we now know, from the dis¬ 
coveries of recent years, that the atomic number is a more fundamental 
variable than the atomic weight for the theory of X-radiation, it seems 
more fitting to represent the total radiation as a function of the atomic 
number. This has accordingly been done in Fig. 100. It is evident that 
a relation very nearly linear exists between the two quantities. ^ 

We may state the result of Kaye’s investigation as follows : At a 
constant voltage the total radiation, is proportional to the atomic number of 
the element used as anticathode^ 

Further investigations along the same lines, such as those carried out 
by Whiddington and by Carter, made it appear that the relation was not 
so simple. Whiddington worked with very low voltages, between 1500 
and 3000 volts, while Carter employed from 30,000 to 60,000 volts. 
Since this question has now been settled by the very fine researches of 
Wagner and Kulenkampff these earlier investigations have mainly a 
historical interest, and therefore we shall refrain from a further discussion 
of them. 
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Before entering on a description of the investigation last mentioned, 
let us consider two still more recent results. On page 214 there appears 
a table containing the measurements of Duane and Shimizu on the total 
radiation from four different anticathodes at constant voltage. In the 



Fig. 100. Total radiation as a function of the atomic number of the material of the anticathode, 
from the earlier measurements of Kaye. 


following table the same results are presented in a slightly different 
form, namely, by taking the ionization current in the case of iron as the 
unit. This table shows, therefore, the total radiation of the elements 
Cu, Ni and Co, referred to that of Fe as unity, for voltages ranging from 
20 to 40 kv. 

TABLE 45. 


Tube voltage 

Ionization current (Fe=1*00). 

kv. 

Cu 29. 

Ni 2S. 

Co 27. 

Fe 26 

1914 

1-127 

1*091 

1*032 

1*00 

21*43 

1*149 

1*116 

1*024 

1*00 

2412 

1*106 

1*081 

1*020 

1*00 

27*30 

1*109 

1*079 

1*041 

1*00 

30*11 

1*109 

1*082 

1*041 

1*00 

32*40 

1-097 

1*070 

1*034 

1*00 

40*87 

1-110 

1*079 

1*042 

1*00 

Mean 

1*115 

1*085 

1*033 

1*00 

Relative Atomic No. 

1*115 

1*077 

1*038 

1*00 

Relative Atomic Wt. 

1*138 

1*051 

1*056 

1*00 
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In the first place it is apparent from this table that the relative total 
radiation is independent of the voltage applied to the tube. Secondly, 
the mean values are directly proportional to the atomic numbers of the 
•elements. On the contrary, there is no direct proportionality between 
the total radiation and the atomic weight, as the last row of figures shows. 
In this connection the elements Ni and Oo are especially desirable for 
investigation. (Compare the values of Kaye.) 

The values obtained by integrating the areas under Ulrey’s spectral 
distribution curves are not in agreement with the above results. On the 
•contrary, Ulrey felt compelled to conclude from his measurements that 
a distinct periodicity, in accord with the chemical properties of the 




Figs. 101a, b. Unconectrd intensity distribution of thr total radiation from several anti- 
cathodes, according to Ulrey. 


-elements, could be observed in the total Rontgen radiation. Considering 
all that we now know about X-ray emission this periodicity seems very 
improbable, and Ulrey’s method of investigation, which neglected the 
effect on the curves of several disturbing factors, can hardly be deemed 
•sufficiently reliable for such conclusions. 

Ulrey worked with constant voltage according to the Hull method. 
The crystal used was calcite, and the ionization chamber, which was 
750 mm. long and 75 mm. in diameter, was filled with ethyl bromide 
vapour. He calculated that this ionization chamber at 20° C. absorbs as 
strongly as one 1800 mm. long filled with air. In Figs. 101a, b we 
have the ionization curves for the anticathode substances W, Mo, Cr 
.and Pt, Pd, Ni, taken at a voltage of 35 kv. 
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Total radiation 
(area under curves). 


Pd 46 
Mo 42 


The evaluation of the areas gives, after deducting the characteristic 
radiation, the relative measures (uncorrected) of the total radiation 

shown in Table 46. TABLE 46 

If we plot these values as a function of_____' 

the atomic number, or of the atomic weight, Element. , Total radiation 
’ ° * (area under curves). 

in accordance with Fig. 100, the plots are - - I- 

found to be distributed quite irregularly, Pt 78 | 100 

and it is impossible to recognize in them the ^ ^ j 

expression of any simple relation. In the 42 | ^ ^ 

author’s opinion we can only conclude from ^ 28 45*7 

these results, that on account of the Cr 24 34*6 

disturbing influence of the sources of error, 

the ionization curves are not sufficiently reliable to decide this question. 
Behnken has made an attempt to apply the necessary corrections. 

This whole question has recently entered into quite a new phase as a 
result of the excellent researches of E. Wagner and Kulenkampff. They 
used in their investigations a considerable number of elements as anti¬ 
cathode—Al, Fe, Co, Ni, Cu, Ag, Sn, Pt—and applied in all cases a 
constant tension of 10,470 volts to the tube. In addition, they studied 
the intensity distribution for Ag and Pt as a function of the voltage 
between 7 and 12 kv. Very painstaking preliminary work was necessary 
in order to study and estimate the effect of all the sources of error which 
might affect the distribution curves. 

When one wishes to evaluate the true intensity of radiation from the 
anticathode as a function of the wave-length, or better still of the fre¬ 
quency, utilising as a basis for that calculation the intensity curve which 
really represents the current measured directly in the ionization chamber, 
the principal factors to be considered are the following : 

1. Reflecting power of the grating and its dependence on wave-length. 

2. Absorption of the radiation in passing from the anticathode to the 
measuring chamber, including absorption in the aluminium window of 
the tube, in the air space between the aluminium window and the window 
of the chamber, and finally in the window of the chamber itself. 

3. Absorption in the anticathode itself. 


4. Finite length of the ionization chamber. 

5. The relation between intensity of the radiation and ionizing action 
in respect of their dependence on wave-length. 

Wagner and Kulenkampff did not enter into an investigation of the 
last factor, but assumed the ionizing action of the rays in the air-filled 
chamber to,he a measure of the intensity, and hence in the following 
discussion/when reference is made to the intensity of radiation of a given 
frequency, it is to be understood as the ionizing effect of the radiation. ^ 
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This is, moreover, the sense in which the term has been used in describing 
experiments in the preceding pages. 

Corrections 2 and 4 may, of course, be calculated with no great diffi- 


To Gaede Pump 



culty from our present knowledge. 
With 1 and 3 it is a different matter. 
Extended preliminary experiments 
were necessary to determine the 
reflecting power, since this depends 
to some extent on the particular 
crystal used. The coefficient of re¬ 
flection was determined for the wave¬ 
lengths 1-39, 1*54, 1*75 and 1*93 A. 
(Cu and Fe radiation) by double 
reflection from calcite and from rock- 
salt crystals. The results indicated 
that the coefficient for calcite was 
nearly independent of the wave- 


fig. jos. ;m<1 length. The results of Wagner and 

Kulenkampff are in good agreement 
with those of W. L. Bragg, James and Bosanquet, and of Davis and Stempel, 
which were obtained in the region of considerably shorter wave-lengths. 
Finally, the correction factor 3 was estimated as follows : From 


Fig. 102 it may be seen that the 
anode consisted of a parallelopiped, 
on the four sides of which various 
materials were placed. By turning 
the anode about an axis perpendi¬ 
cular to the plane of the figure each 
one of these substances could be 
brought into a position to act as 
radiator. The X-rays received into 
the ionization chamber proceeded 
in a direction at right angles to the 
cathode rays. 

Nevertheless, it was possible with 
such a mounting of the anticathode 
to vary the angle \p between the 
X-ray beam and the surface of 
the anticathode. In general, the 
measurements were made with very 
small values of this angle. On 
account of the characteristic absorp¬ 
tion of the anticathode the X-radia- 



Fig. 103. Intensity distribution with silver anti¬ 
cathode and a potential of 10,500 volts. 


I. =*calcite crystal (uncorrected curve). 

IT. «*rocksalt „ „ ,, 

III. =1. magnified to accord with II. 

IV. -1. and II. corrected for influence of crystal. 
V. — true intensity distribution. 
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tion was diminished in intensity, and in varying degrees according to the 
angle if/. It was possible, however, to establish a simple relation between 
the angle and the decrease in intensity, by the help of which the 
correction was then made. 

Fig. 103 shows how the curves obtained directly from experiment 
were modified in one particular case by the corrections mentioned above. 



FiG. 104. Distribution curves (uneorrected) for various anticathode materials. Potential 
on tube, 10,470 volts. The superposed lines are due mostly to impurities. 


It represents the distribution curve with silver as anticathode and 10,500 
volts as the potential on the tube. Rocksalt and calcite were used as 
crystal gratings. 

From distribution curves, such as those of Fig. 104 for Pt, Ag, Sn, 
Cu, Co and Al, which were measured directly at a tube voltage of 10*47 
kv., the curves of Fig. 105 were obtained, showing the characteristic 



THE CONTINUOUS X-RAY SPECTRUM 






The curves of Fig. 104, alter making 
corrections. 


measured by ioiiization as a 
function of the frequency, arc 
straight lines. 

One point on these curves 
is fixed by the Einstein 
relation hv — eV, namely, 
the point of intersection 
with the frequency axis. 
Since all the curves of 
Fig. 104 correspond to the 
same voltage, 10*47 kv., 
they have a common point 
of intersection on the axis 
of abscissae. One might 
expect, therefore, that the 
straight lines which repre¬ 
sent the intensity as a func¬ 
tion of the frequency would 
also pass through a common 


absorption in the anticathode. 
After applying the corrections for 
absorption and reflection corre¬ 
sponding to the factors mentioned 
under 1, 2 and 4, and after re¬ 
calculating in terms of frequency 
instead of wave-length, the curves 
of Fig. 106 were obtained. The 
calculations for the latter curves 
were made as follows : we have 


and hence 

c 

From the equation 

I v dv^I k d\, 
we therefore obtain 


The authors thus finally arrived 
at the very important result: The 
curves which represent intensity, 



■nspi 


Fig. 106. The curves of Figs. 104 and 105 expressed in terms 
of frequency. 
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point on the frequency 
axis. They do not do 
so, however, for the 
lower parts of the 
curves are slightly bent 
towards the axis of 
abscissae, or they suffer 
there a break which 
results in a slight 
change in direction 
towards that end of 
the curves. 

This slight discre¬ 
pancy is still more 
apparent in the curves 
of Figs. 107 and 108, 
which represent the 
intensity distribution 
with various voltages, 
but with the same 
anticathode, which is 



v-70~ 16 sec ' 1 

Fig. 107. Distribution curves in terms of frequonry for platinum 
with various tube voltages. 

1 7000 volts ; 3 - 87.10 volts ; f» =-10,470 volts ; 7-1 1,080 volts. 

2 7 S ;>0 „ 4 —0000 ( 1 - 11,200 



FlG. 108. Distribution curves in terms of frequency for silver with 
various tube voltages. 

1 =7000 volts ; 3=10,470 volts ; 

2 -87.10 „ 4 ■** 11,080 „ 


Pt in Fig. 107 and Ag 
in Fig .108. According 
to the Einstein equa¬ 
tion the intercepts are 
displaced towards 
greater frequencies 
with higher voltages. 
Under change of vol¬ 
tage the straight lines 
exhibit a parallel dis¬ 
placement. It is also 
to be observed from 
these figures that the 
curvature of the lower 
part of the lines is 
independent of the 
voltage. In particular, 
the frequency differ¬ 
ence between the actual 
limiting frequency and 
that indicated by the 
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straight line produced is a constant. The values obtained for this fre¬ 
quency difference Av are arranged in the following table. For different 
elements Av is approximately proportional to the atomic number. 



We may take account of this 
small departure of the curves from 
straight lines by constructing the 


TABLE 47. 


Voltage 


kv. 

Pt. 

Ag. 

11-98 

0-15 

0-12 

11-20 

0-17 

— 

10-47 

0-16 

012 

9-60 

0-17 

— 

8-75 

0-14 

0-13 

7-85 

0-15 

— 

7-00 

0-14 

0*11 

Moan 0-15 5 

0-12 


curves in two distinct parts, as shown in Fig. 109. For the principal 
part A of the curve we have then 


= const, x (i' 0 — i'). 


a) 


where r 0 is the maximum frequency calculated from the Einstein equation. 
For this portion we obtain the total radiation. 




r»«i 

Jo 


I v dr = const, x i' 0 2 = const, x F 2 , 


which is in entire agreement with the earlier work described above. 

The proportionality factor of equation (1) is independent of the 
voltage, but varies with the atomic number of the material of the anti- 
cathode. It may be found from the slope of the curves in Fig. 106. In 
this way the constant is found to be directly 'proportional to the atomic 
number , a relation which we had already deduced as the probable one from 
earlier measurements. Hence, for the part A of the curve, we may write 

I v =CZ{vt-v), 

where C is a constant which is independent of the voltage and of the 
atomic number. 

For the part B we have evidently 

const., 

independent of the voltage, from which we obtain immediately that the 
total radiation of this portion is directly proportional to the voltage:" For 
different elements the portion B increases approximately as the square of 
the atomic number, so that we may w r rite for the imrts A and B combined 

I v =C[Z(v 0 -v)+bZ% (2) 

where b is also a constant independent of voltage and atomic number. 
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This important equation represents the final result of all the researches 
and it was found by Wagner and Kulenkampff to hold over an interval 
ranging from 7000 to 12,000 volts, and in a wave-length region from 
1’0 to 2*8 A. It embraces as special cases the laws deduced from the 
earlier investigations, namely, that the total energy increases as the 
square of the voltage, and as the first power of the atomic number. It 
seems very probable that this intensity distribution law, derived from 
the ionizing effect, is also valid for the voltages and wave-lengths employed 
with X-ray tubes for commercial purposes. 

There is one more point in connection with these curves which was 
considered by Kulenkampff, and which we may take up here briefly. 
Several authors have occupied themselves with the question as to whether, 
in the curves showing the relation between intensity and wave-lengths for 
the continuous spectrum, the wave-length A i; , corresponding to the 
maximum intensity varies according to any simple law. The similarity 
between these curves and those of black body ” radiation in the 
o]3tical spectrum has been pointed out, although the resemblance is purely 
external. The expression for A„, is easily derived from the distribution 
law of equation (2). It is only necessary to transform from l v to I\ by 
the relation 



to differentiate the resulting equation with respect to A and to set the 
derivative equal to zero. If w T e denote by A 0 the w r ave-length correspond¬ 
ing to r 0 we thus obtain 

A - lic _ A # 

2 c+bZ\ a - 


If we neglect the part B of Fig. 109, i.e. if we put b =0, we have the 
simple relation 



In an investigation recently published, Kirkpatrick has studied the 
distribution of the energy, measured by ionization, of the continuous 
X-ray spectrum of tungsten at voltages higher than those used by 
Wagner and Kulenkampff. He has also thoroughly investigated all 
the sources of error in the directly measured ionization curve, and 
corrected the result for these errors. As he worked with higher voltages 
and correspondingly smaller angles of reflection it was necessary to study 
in detail the effect of the overlapping of the spectra in different orders. 
This was done in two different ways, the results of which gave satisfactory 
agreement. The other factors for which corrections were made were 

(1) the absorption in the avails of the tube, in the air, and in the window 
s.s. r 
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of the ionization chamber ; (2) for the reflecting power of the rocksalt 
crystal; (3) for incompleteness of absorption in the ionization chamber. 

The ionization energy curve was determined at four voltages between 
51 kv. and 71 kv. As Kirkpartick shows, his curve found experimentally 
does not agree at all with the corresponding curves from the theories of 
March, Behnken and Bergen Davis. 

For the connection between the wave-length \ m of the maximum 
point on the distribution curve and the minimum wave-length A 0 , Kirk¬ 
patrick gives the equation 

= k -f k Aq, 

where k and k' are positive constants. The numerical values are not 
given, so it is difficult to say whether the difference between this formula 
and the relation found by Kulenkampff is of importance. 

It does not fall within the scope of this book to discuss the theories of 
the continuous X-radiation which have been given hitherto by different 
authors. As stated above, none of those already mentioned are in accord¬ 
ance with the experimental ionization energy curves. But I may call 
attention to a theory of the phenomenon recently put forward by H. A. 
Kramers, which seems to be in good agreement with the measurements 
of Wagner and Kulenkampff. The theory of Kramers is based on the 
general principles of Bohr’s quantum theory of spectra, and is developed 
in a manner first used by Einstein for black radiation. The resulting 
formula given by Kramers for the continuous spectrum is 

U = ~.Z(y o ~ *0~ i 5 • 10-ZK - ,). (3) 

3v/3/ c 3 m 

i - number of electrons striking the target in unit time, 
^numerical factor of the order of magnitude 6. 

As may be seen, this agrees well with the experimental formula (2), if 
the term CbZ 2 , corresponding to the part B in Fig. 109, be neglected. 
Concerning this last term, which is introduced to account for a bend in 
the observed curves, Kramers makes the interesting remark : “ The 
electrons will not only lose kinetic energy at their collisions with the 
atoms, but they will also be deflected through large angles, so that, in 
general, they will penetrate much less deeply into the target than when 
their path was straight. Due to these deflections a fraction of the 
electrons will be able to leave the target, . . . some of them with very 
small velocities, but many of them also with velocities about equal to 
the initial velocity v. The latter effect increases considerably with the 
atomic number, and will materially contribute to the appearance of the 
bend in Kulenkampffs curves—for which the second term on the right 
hand of (2) gives an approximate expression.” 
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It must be emphasized that the formula of Kramers also gives a 
numerical value of the constant, which is in good agreement with the 
experimental value. 

The continuous spectrum emitted from a Coolidge tube with a molyb¬ 
denum anticathode has been carefully examined by Webster and 
Hennings. In this investigation the “ isochromatics ” for different 
wave-lengths between 0*246 A.U. and 1*23 A.U. were determined at 
voltages ranging from the minimum voltage for each wave-length up to 
70 kv. Both wave-lengths and voltages were measured to of one per 
cent. A correction for absorption in the target was applied, and the error 
due to scattering from the crystal eliminated by taking readings on both 
sides of the reflecting angle. 

The results are given in a graph, in which the intensities are plotted 
as a function of F/F 0 for every wave-length. These wave-lengths are 
0*247, 0*309, 0*415, 0*494, 0*588, 0*676, 0*823, 1*029 and 1*234 A. F 0 is 
is the minimum potential for producing the wave-length in question. To 

get a suitable scale for the intensities these were given as i- where / 2 is in 

every case the intensity at 2F 0 . The graph for each wave-length is a 
straight line, with the exception of the first part of the curve, where it is 
slightly bent. In no case do the curves go farther than to the voltage 
2 F 0 , for at this point the reflection in the second order would disturb the 
measured values. Attempts to eliminate this disturbing influence by 
using a crystal which gives no reflection in the second order—such as 
fluorite—were without success, because no sufficiently perfect crystal 
could be found. 

The isochromatic curves were found to agree well with an empirical 
equation formerly given by Webster : 

/(F, v)dv=A{(V - F 0 ) +JBL1 -eW-V'tydv. 

A , B and C are constants depending only on the frequency. 

Starting from this equation, an expression for the radiation from an 
infinitely thin target is derived, which shows that the probability of 
the emission of a quantum with the frequency v to v +dv in the distance ds 
dv 

is i .ds . where i .ds . dv is the intensity per cathode ray. In this 

it is supposed that the Thomson-Whiddington law for the decrease of the 
cathode ray energy, and the F 2 law for the total intensity, hold good. 
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OTHER METHODS OF EVALUATING THE INNER ENERGY 
LEVELS OF THE ATOMS 

38. Electron Emission by Excitation with X-rays 

In the earliest period of X-ray investigation it was shown by Sagnac and 
Dorn that bodies exposed to X-rays, in addition to emitting secondary 
X-radiation, also give off electrons of high velocity. At that time the 
attempt was also made to determine the velocity of the emitted electrons. 
The methods employed were the three following : 

1. By determination of the curvature of the electron paths in a 
known magnetic field. 

2. By determination of the retarding electric field which is just strong 
enough to cause the electrons to return to the emitting body. 

3. By determination of the coefficient of absorption of the electrons 
in an absorbing mass of gas. 

The last of these three methods is ill-adapted to quantitative measure¬ 
ments, first, because the absorption of the electrons is no simple process, 

and also because the degree of accuracy in 
absorption measurements with swiftly moving 
electrons is very small. The second method 
also offers great difficulties in the X-ray 
region, for the necessary electric field involves 
voltages far too high to allow measurement 
to the required degree of precision. It is 
only in the as yet little investigated region 
lying between the X-ray and optical spectra 
that we might hope for success by this 
method. 

We are, therefore, reduced to the magnetic deflection method. This 
method was first employed by Dorn for electron emission. Fig. 110 is a 
diagram of the apparatus used. The body emitting the /8-rays is at P, 
while a photographic plate is placed at A. .The secondary X-rays and 
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the /2-rays emitted by P pass together through two narrow windows and 
fall upon the plate A. By means of a magnetic field whose lines are at 
right angles to the plane of the figure the /2-rays are deflected through a 
distance which is registered and measured on the plate. In order to 
prevent a diminution of the velocity of the electrons in passing over the 
distance PA the entire apparatus is evacuated. 

The photographs thus obtained show an extended band of blackening 
on the plate, which indicates a corresponding distribution of velocities 
among the /2-rays. Of course each point at which the plate is blackened 
represents a very definite curvature of the corresponding electron path, 
and, since all the electrons are subject to the same magnetic field, each 
position on the plate corresponds to a definite velocity of the electrons 
emitted. 

By determining the radius of curvature r and the magnetic field 
intensity H, we may compute the value of the velocity v from 


v = ~ Hr, 
m 

where e is the elementary electronic charge and m the mass of the electron- 
Since we are here dealing with relatively high velocities it is necessary 
to take account of the relativity correction to the mass, by making use 
of the expression 


where 



The early investigations of Dorn, Bestelmeyer, Innes and others, by 
the photographic method, of Becker and Whiddington by the absorption 
method, and of Laub by the electrostatic method, showed that the 
velocity of the /2-rays emitted is independent of the intensity of the 
primary X-rays, as might be expected from analogy with the ordinary 
photo-electric effect. These researches also gave the order of magnitude 
of the velocities involved ; in particular, Whiddington showed that a 
simple relation exists between the velocity of the primary cathode rays 
in the X-ray tube and the velocity of the secondary electrons. But 
quite recently interesting and important facts have been discovered con¬ 
cerning the emission of secondary electrons, and the definite relation 
existing between the velocities and the X-ray absorption spectrum of the 
atoms serving as secondary radiators has been established. 

The experiments by which Duane and Hunt proved the validity of 
the Einstein photo-electric equation for the process of emission of X-rays 
would seem in themselves to demonstrate that the velocity of the electrons 
emitted by a body exposed to X-rays is subject to the same law. Hence, 
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if a plate be irradiated with monochromatic X-rays, it is to be expected 
that electrons will be ejected with a very definite velocity (except for the 
loss of velocity in the emitting body itself). Indications of the truth of 
this are to be found in the work of Rawlinson and Robinson, as well as 
in that of Kang-Fuh-Hu. The first two authors, working in Ruther¬ 
ford’s laboratory, made the first application to secondary X-ray electrons 
of the magnetic deflection method described by Rutherford, which is 
very suitable for faint effects on account of its focussing property. 
Fig. Ill is a diagram of the apparatus. X-rays from a powerful tube, 
whose anticathode is at A, pass through a slit S and fall upon the secondary 
radiator, which is mounted in an evacuated vessel. Directly above the 

radiator is a second slit, 
parallel to the first one, 
and lying in the same 
plane as the photographic 
plate P. All electrons of 
a given velocity travel in 
circles of the same radius 
through the magnetic field, 
which is at right angles 
to the plane of the figure. 
As may be seen at once, even if the slit be rather wide, all electron 
paths of the same radius meet the plate at approximately the same 
distance from the slit. If there are groups of electrons with definite 
velocities among the electrons emitted then fcfc lines ” will appear on the 
plate. On account of the absorption in the secondary radiator itself, 
even when it is very thin, these lines will shade off gradually towards 
the side of smaller velocities. Rawlinson and Robinson succeeded in 
obtaining lines by exposing thin sheets of iron and lead to the radiation 
from a nickel anticathode. In spite of the focussing effect they found it 
necessary to expose as long as twelve hours, even with the maximum 
output of the tube. It was not possible, however, to identify the lines 
in a satisfactory way with the radiation from nickel, iron and lead. 



Fig. hi. 


Apparatus of Rutherford, Rawlinson, and Robinson 
for photographing /3-ray spectra. 


39. /5-Ray Spectra 

Employing the method of Rawlinson and Robinson, de Broglie 
succeeded in obtaining results which shed great light on the subject of 
,/5-ray spectra. De Broglie’s explanation of the results of his experiments 
is in complete accord with the general hypotheses concerning the 
mechanism of radiation which have been stated above. When mono¬ 
chromatic Rontgen radiation of frequency v falls upon the surface of a 
secondary radiator, in the first place electrons are ejected according to 
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the laws governing the photo-electric effect, i.e. the liberated electrons 
have a velocity given by the equation 

±?nv 2 =hi'. 

The electrons concerned in this case are those which are so loosely bound 
that the work required to remove them from the atom is negligible. On 
the other hand, some electrons are removed from lower levels, and an 
appreciable amount of work must be done to remove them from the 
influence of the atom. If we denote this work by W it is apparent that 
the kinetic energy of the electron on leaving the atom is 

im ?; 2 = - W . 

From the atomic theories already discussed we know that the energy 
necessary to eject an electron from one of the inner electron groups is 
nothing else than the quantity of energy representing the level in the 
energy level diagram of the atom. We have represented these quantities 
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Pig. 112. /3-ray spectrum from a silver radiator exposed to primary rays from tungsten. 
Photograph by de Broglie. 

1. ATaj 5 of Ag—L ak. 4. Ka% of W—Kak, 

o (A'a, 2 ,, Ag— Ma«, Ka-l »> W-—Kak, 

„ Ag—L a k . «• Kfi ,, W—KAg, 

3. A0 ,, Ag—M as. 

of energy by K , L x> L 2 , M v etc. If the exciting radiation is of 
frequency high enough to eject an electron from the K group, then the 
velocities involved in the following equations are to be expected, accord¬ 
ing as the electron is ejected from the K , the L, the M level, or from the 
surface of the atom. 

\mv\ — hv - K , 

^mw—hv - L, 

- 31, 


\mi$=hv. 

De Broglie showed in a convincing manner that this is actually what 
occurs, and we shall consider in more detail the results from one of his 
photographs. 

The “ /3-ray spectrum ” (Fig. 112} was obtained by irradiating a thin 
silver plate with the K radiation from tungsten. Five distinct lines may 
be observed upon the plate, shading off towards smaller velocities on 
account of the absorption in the silver plate itself. The lines denoted 
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by 4 and 5 correspond to the removal of a K electron by the mono¬ 
chromatic tungsten radiation Ka 2 and Ka x respectively. The kinetic 
energies of the electrons for these two lines are given by 

^wk « 2 - 

^WKoi -^Ag* 

The other three strong lines are due to the secondary silver K radiation* 
which in its turn gives rise to the emission of electrons. The lines 1* 

p 2, 3, correspond to kinetic 

energies whose magnitude 
is given by the following 


mk 


Enlarged view i h v , T . _ / 

of the slit J ****** L **' 

• n ---■iurttfiTr : _ 1 '—i_2.i^ rAgK ^ 

1 4"" ,\ | H j J f l^ l 'A«Ka “ Mxv 

j ;|/r A \ H —I J l 3. A' AfiM - -Vw- 

! nr j I)e Broglie carefully tested 

1 _ _ j ^ the validity of the above 

^ expression by means of his 

FIG. 113. Whiddington’s apparatus for the photography photographs. Ill certain cases 
of secondary £-ray spectra. the /*_ ray spectr a afford a 

very good resolution which may even be superior to that of X-ray spectra. 
For example, we may notice the wide separation of the two Ka lines of 
tungsten in the spectrogram of Fig. 112, which in an ordinary X-ray 
spectrogram w T ould be difficult to obtain. The disadvantages of the 
method are the feebleness of the radiation and the relatively low degree 
of accuracy of the measurements. In order to improve the latter de 
Broglie greatly increased the dimensions of his apparatus, and worked 
with radii of curvature of the deflected rays equal to about 12 cm. The 
magnetic field for these experiments was furnished by a large coil with 


At equations : 


1 


Whiddington shortened considerably the time necessary for an 
exposure by placing the secondary radiator very close to the anticathode, 
as shown in Fig. 113. The X-ray tube was sealed directly to the /51-ray 
spectrograph, and was provided with a water-cooled anticathode of 
rhodium. The substance to be used as secondary radiator was rubbed on 
the walls of a triangular chamber. The magnetic field was produced in 
this case, as in de Broglie’s apparatus, by a coil free from iron. In order 
to prevent stray lines of the magnetic field from deviating the cathode 
ray beam away from the anticathode the field was compensated by a 
special coil. With this apparatus Whiddington was able to obtain a 
spectrogram in as short a time as five minutes. Fully-exposed plates 
were obtained in thirty minutes. 
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Some of Whiddington's results are reproduced in the two following 
tables. The first column contains the frequencies calculated from given 
velocities by means of the equation 

hv — tynv 1 . 

The second column indicates the electron group of the radiator from which 
the electron in question is ejected ; in the third is given the mono¬ 
chromatic primary or secondary radiation which gives rise to the electron 
emission concerned, and this radiation is either the rhodium K or the 
characteristic radiation of the secondary radiator itself, e.g. that of Cu 
or of As. Finally, the last column gives the frequencies calculated from 
the known data contained in columns 2 and 3. (See Tables 48a and 48b.) 


TABLE 48a. 

Anticathode—rhodium ; secondary radiator—arsenic. 


V 

Measured. 

Frequency of arsenic level 
supplying electron. 

Frequency of primary 
radiation. 

V 

Calculated. 

222 

/. (35) 

As Ka (252) 

217 

251 st. 

(L (35) 

\Surface (0) 

As Kfi (285) 

As Ka (252) 

250 | 

252 J 

270 wk. 

Surface (0) 

As Kfi (285) 

285 

442 st. 

L (35) 

Rh Ka (490) 

455 

507 wk. 

(6 (35) 

\ Surface (0) 

Rh Kfi (551) 

Rh Ka (490) 

5161 

490/ 

563 very wk. 

Surface (0) 

Rh Kf3 (551) 

551 


TABLE 486. 


Anticathode—rhodium ; secondary radiator—copper. 


V 

Frequency of copper level 

Frequency of primary 

r 

Calculated. 

Measured. 

supplying electron. 

radiation. 

172 st. 

L (22) 

Cu Act (195) 

173 

193 st. 

(L (22) 

Cu Kfj (216) 

1941 

(Surface (0) 

Cu Ka (195) 

195/ 

217 wk. 

Surface (0) 

Cu Kfi (216) 

216 

270 st. 

K (217) 

Rh Ka (490) 

273 

287 wk. 

? 



313 st. 

K ?(217) 

Rh K/3 (551) 

334 

461 st. 

L (22) 

Rh Ka (490) 

468 

502 wk. 

(L (22) 

Rh Kfi (551) 

529 \ 

( Surface (0) 

Rh Ka (490) 

490 / 

552 very wk. 

Surface (0) 

Rh K/3 (551) 

551 


With regard to the second table Whiddington remarks that the 
interpretation of the lines with the frequencies 287 and 313 is not clear. 
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The very remarkable observation was made that the incident radiation 
is able to eject an electron only when its frequency is double the value 
corresponding to the energy level of the electron concerned. As an 
•example of this peculiar feature he calls attention to the line to be 
-expected from the removal of an electron of the K group of arsenic by the 
K radiation of rhodium. The corresponding equation is 

Al'HliKa - %Aa =202, 
in which K\ s ~ 288. 

This line did not appear in the spectrograms. 

In a recently published and very extensive study by the same method 
Robinson was unable to confirm the results on this point. Many lines, 
which by Whiddington’s rule should not appear, were actually found. 
As a possible explanation of Whiddington’s conflicting results Robinson 
suggests that the vacuum in the deflecting apparatus used by Whiddington 
was not sufficiently high to permit the passage of the slower electrons. 

The work of Robinson marks a great step forward, both qualitatively 
And quantitatively. The results so far obtained are collected in the 

following Table 49, where the values of ^ for a large number of energy 

levels for different elements are reproduced. A comparison of these 
values with those of Table 37 shows a very good agreement. The 
electrons in all these determinations were expelled from the atoms by the 
K radiation from copper, previously filtered through nickel foil 0-015 to 
0-025 mm. thick. This almost completely cuts out the K-ft radiation. 

The magnetic field was produced by a pair of coils of the Helmholtz- 
•Gaugain type. 

Of especial interest is the result concerning the relative intensities 
which Robinson found for the different levels. As stated above, the 
three L levels in the ordinary absorption spectrum of an element have 
intensities diminishing in the sequence L v L 2 , L z . Robinson finds this 
sequence only when there is a small energy-difference between the exciting 
quantum and the levels. When this difference becomes larger the 
intensity sequence is reversed to L Zi L 2i L v This fact has an important 
bearing on the phenomena connected with the y and ft radiation of 
radioactive substances, as studied and interpreted by L. Meitner and by 
Ellis. 

It is evident that this method is in principle a very important one, 
since, independently of crystal lattices, and in regions where crystals 
cannot be used because their lattice constants are either too large or too 
small, it permits the determination of the wave-length of monochromatic 
radiation, as well as the energy levels of the atom. 

If we wish to use this method to determine an unknown frequency, 
then the energy levels of the atoms of the secondary radiator must be 
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TABLE 49. 


Energy levels detenuinod by H. Robinson. 



K 

U 

4 


M 


- 1 '* 


M x 

N 7 

A T o 

A7, 

* 

^3 

Nt, i O 

83 Bi 

— 


— 

— 

296-5 

272-5 

235-2 

200-3 

191-6 

71-3 

61*0 

51-0 

38-2 

33-3 

8-8 

82 Pb 

— 

— 

- 

— 

284-3 

263-0 

227-1 

191-6 

182-6 

49*0 

31-4 

8-2 

79 An 

— 

— 

— 

— 

253-6 

232-9 

202-2 

167-9 

161-5 

54-2—38-6 

22-6 

1-8 

74 W 

— 

— 


— 

208-5 

189-4 

167-5 

1390 

133-2 


314 


17 2 

-0-5 

56 Ba 

— 

443-3 

414-1 

386-0 

95-8 

84-9 

79-0 

58-4 


13*9 


- 0*4 

531 

— 

383-1 

356-6 

337-2 

80*0 

66-5 

46-6 



9-2 



50 8n 

— 

329-8 

307-8 

290-7 

65-3 

52-7 

35-5 



7 

•6 



47 Ag 

— 

280-0 

260-1 

246-2 

47*1—39*3 

23-8 



1-8 



42 Mo 

— 

212-1 

193-4 

186-1 












38 Sr 

— 

165-2 

149-8 

145-8 












29 Cu 

— 

82-0 

69-7 

6-5 











20 Ca 

297 6 

— 

— 

-- 












19 K 

266-2 

_ i 

— 

23-8? 






i 

j 





16 S 

183-3 

— 

-- 

16-5? 












12 Mg 

99-6 

— 


8-0? 







! 





11 Na 

81-3 

— 

— 








j 





80 

42-3 

— 

— 

— 
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known in order to calculate the frequency from the observed electron 
velocities. Conversely, in order to evaluate energy levels, we must work 
with a known frequency. 

So far the method has been applied only for very short wave-lengths, 
except in testing the principles on which the spectra are explained, and 
here, of course, data for both wave-lengths and energy levels were known. 
These investigations with very short wave-lengths lie in the realm of 
radioactivity, and as such are outside the borders of this discussion. 
The method affords great promise, however, for the study of those wave¬ 
length regions for which the dimensions of the crystal are too small to 
permit of its use as a grating. At present 13 A. is about the greatest 
wave-length which has been measured by the crystal method. With a 
sugar crystal, whose grating constant 2d is given on p. 85 as about 
20 A.U., the limit is reached at about the above wave-length. Certain 
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organic compounds whose grating spaces have recently been determined 
by Becker and Jancke, have considerably greater distances between 
their atoms, but as yet no study has been made of their applicability to 
wave-length measurements. 

There are no such limitations in connection with jS-ray spectra. On 
the other hand, the feeble photographic action of low velocity electrons 
is apparently an obstacle in obtaining and measuring these spectra, 
which at the best are comparatively faint. Since in this region the 
counter-voltage necessary for the second method of Section 38 is easier 
to control, perhaps something may be hoped for from the application of 
this method. 

40. Determination of Excitation Voltages by Means of the Photoelectric 
Action of the Emitted Radiation 

Among the properties characteristic of X-rays, their ability to liberate 
electrons from a surface on which they fall is of great aid in the study of 

very soft rays. We will here consider 
in detail only those recent investiga¬ 
tions which aimed at bridging the 
gap in the spectral region between 
X-rays and ultra-violet rays, or, 
more properly, tracing the series of 
lines and absorption limits from 
X-ray spectra into the ultra-violet 
region. Certain earlier attempts had 
been made to demonstrate that with 
very low voltages—from 1000 volts 
• down to a few tenths of a volt—a 
radiation may be produced which 
has the properties of very soft 
X-rays, and which represents an 
III extension of the continuous X-ray 

To pump spectrum down to a point correspond- 

FI*. 114. Apparatus of Holtsmark. ing ^ ^ Jow voltageg> 

The principle of the method is very simple, and consists in allowing 
the radiation from the anticathode of a highly evacuated X-ray tube to 
fall upon a plate without passing through any absorbing substance. 
Electrons are thereupon liberated from this plate with a certain velocity, 
the maximum value of which is given by the Einstein photo-electric 
relation. By connecting the plate with an electrometer the quantity of 
electrons emitted may be measured and compared with the voltage 
applied to the tube. The strength of current through the X-ray tube' 
is kept constant, while the voltage is changed by small steps, at each 
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of which the photo-electric current is measured. A discontinuity in 
the rate of change of the latter current is to be expected when the tube 
voltage becomes high enough to excite the characteristic radiation. 
Actually one finds that the curves representing the photo-electric current 
show a more or less distinct change in direction at certain points. In 
carrying out these experiments one is confronted by a series of difficulties 
which must be overcome by special precautions and appliances. In the 
first place, it is very necessary to have a high vacuum in the apparatus, 
in order to avoid disturbances arising from ionization of the gas present, 
as well as from the gas given off by 
the walls. Again, the rapidly moving 
•charges from the X-ray tube proper 
must not be allowed to enter the 
portion of the vessel in which the 
photo-electric current is to be 
measured. In order to exclude them, 

Richardson and Bazzoni, as well 
as Holts mark, introduced a strong 
transverse electrostatic field which 
•deflected the electric charges to one 
side. Fig. 114 represents Holts- 
mark’s apparatus as a sample of this 
type. The entire apparatus consisted 
of a quartz vessel with a spherical 
portion for the actual X-ray tube 
{K is the hot filament cathode and 
A the anode). The remaining part 
•contains the photo-electric plate s, 
surrounded by a protecting gauze 
N 3 which was kept at a potential 
of +1 volt. To prevent the con¬ 
duction of charges to the plate an earthed guard ring is placed around 
the insulating support. The transverse field P^P^ is between the two 
portions of the vessel. 

The same protection of the plate may be attained by an electric field 
in the direction of the radiation, the sense of the field being such as to 
retard or throw back the charges coming from the X-ray tube. As an 
•example of such an arrangement, the apparatus of Hughes in two slightly 
■different forms is shown in Figs. 115a, 115b. 

McLennan and Clark used a very similar arrangement in their work, 
to which we shall return later. 

The experimental arrangement employed by Kurth, which was to some 
extent a combination of these two principal types, is to be seen in Fig. 116. 



Figs. 115a, b. 


B 

Apparatus of Hughes. 
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Electrometer 


The appearance of the curves representing the photo-electric current 
as a function of the exciting voltage applied to the X-ray tube often 
changes very greatly, and accidental circumstances play an important 

part with one and the same apparatus. 
Under favourable conditions several 
authors have obtained curves consisting 
of several portions which are almost 
straight lines. Fig. 117 is a typical 
example, which gives the curves obtained 
by Hughes for boron. In the lower group 
of curves two were taken with increasing 
voltage on the tube and two with de¬ 
creasing. The upper curve gives the mean 
values, and show\s very clearly a change 
in direction at 150 volts. Richardson and 
Bazzoni have published curves of this 
type, and Holtsmark has also found them 
to consist of straight line portions in the 
case of boron. In general, however, Hughes 
has obtained curves of quite different 
appearance, and which give only slight indications of a discontinuity. 
Such a curve, also for the element boron, is shown in Fig. 118. 

The curves obtained by 
McLennan and Clark from their 
experiments are still different in 
appearance. Their course is much 
more irregular, and the discon¬ 
tinuities are more marked. 

Rollefson investigated iron by 
this method, and found altogether 
twelve discontinuities. He attri¬ 
butes three of them to the L series 
and nine to the M series. A 
comparison of his results with the 
recent direct measurements of the 
L series of iron by Thoraeus and 
the author shows that the results obtained by these two methods are 
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Voltage on tube 

FIG. 117. 
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inconsistent in this case. 

The experiments so far described all relate to investigations of soft 
X-rays excited in solid bodies. Mohler and Foote have made some very 
interesting researches on X-rays emitted by gases. Fig. 119 represents* 
an arrangement of apparatus modelled after those used in optical work, 
and consisting of a central filament surrounded by two gauze cylinders 




DETERMINATION OF EXCITATION VOLTAGES 


239 


and by an outer cylindrical metal tube. The distance from the filament 
to the inner cylinder of gauze is made as small as possible in order that 
the electrons may attain their full velocity V x before colliding with gas- 
molecules. In the space between the two gauzes the electrons collide 
with the molecules of the gas under investigation, and the radiation 
thereby excited exer- 
cises a photo-electric -g 

effect on the outer £: ^ ^ 

gauze cylinder. The £ | 

magnitude of this effect 5 | 

is then measured by ^ ^ 

the current between V «, *2 { ", 

- o 

and F 3 . The strong re- 2 1 

tarding field -Vo + V 60 80 100 120 no ^ ^ ^ mo mm 

, „ , 1 Voltage on tube 

prevents all electrons 4 1Jg 

from the filament, as 

well as all negative ions produced in the ionizing space, from reaching 
F 2 . Positive ions are stopped in the field - V 2 + F 3 . 

With this apparatus Mohlcr and Foote studied the vapours of K, Na, 
Mg, P, S, as well as air (N, 0), Cl, CO, CC1 4 , C0 2 , and C 2 H 2 . 

Table 50 contains the results hitherto* 
obtained by many different authors using 
[ ii J the method described above, in which they 

* ! [ [ located the discontinuities in the slope of 

i i * [ the curves representing the photo-electric 

t i i I current as a function of the exciting voltage. 

| J U , j The column of volt ages in the table is obtained 

* 1 1 from the curves. The succeeding columns 


contain the values of 


v I v 

R f VlT 


addition, the table contains, for comparison, the values for H, He, and 
Ne* known from optica] data and experiment. 

In general, the various authors interpret the ionizing potentials to be 
the same as the limiting voltages for the K and L series known from 
X-ray data and continued down to these lighter elements. For example,. 

if we plot in the Moseley diagram *\J ^, found from absorption measure¬ 
ments, as a function of the atomic number, we obtain a straight line as 
far down as Mg (12). By producing this line we obtain what is apparently 
a fairly satisfactory value of the excitation potential for the lower 
elements in the K series. It should be remarked, however, that the 
gradual disappearance of the higher quantum electron orbits exerts a. 


Measurements by Horton and Davis, interpretation by Grotrian. 
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TABLE 50. 


Abbreviations ; Fr. and He=Franelc and Hertz, Le.-01.=McLennan and 
"Clark, Mo.-Fo.—Mohlerand Foote, Hg.=Hughes, Ho.=Holtsmark, K.==Kurth, 
Ri.-Ba. = Richardson and Bazzoni, Ho. -Da. = Horton and Davies, R = Rollefson. 



V 

i' 

R 

4 

A iii A. 

j Origin. 

Author. 

1 H 

13-53 

1-90 

0-46 

912 



2 He 

25-23 

1-86 

1-36 

493 

i 1 S ( K) 

Fr. and He. 


21-85 

1-61 

1-27 

569 

| 1 S-2P 

Fr. and He. 

3 Li 

37-0 

2-73 

1-65 

334 

1 

| 

Le.-Ol. 


31 -8 

2-35 

1 -53 

388 

! 

Lo.-Cl. 

: 

12-0 

0-89 

0-94 

| 1029 


Le.-a. 

4 Be 

03-0 

6-87 

2-62 

! 133 


Le.-Cl. 


78-2 

5-77 

2-40 

' 158 


Lo.-Cl. 


20-3 

1 -50 

1-22 

j 608 


Le.-Cl. 


16-0 

118 

1-09 

! 772 


Lo.-Cl. 

5 B 

186 

13-74 

3-71 

«6-4 

K 

Mo.-Fo. 


148 

10-93 

3-31 

j 83-5 

1 K 

Hr. 


147-5 

10-90 

3-30 

! 83-7 

! K 

Le.-C3. 


147 

10-86 

3-30 

i 84-0 

K 

Ho. 


125 

9-23 

3-04 

! 98-7 


Mo.-F. 


27-92 

2-15 

1-47 

! 442 

\ 

Le.-Cl. 


24-5 

1 -81 

1-35 

! 505 

J. 

Hg. 


23-45 

1-73 

1 32 

i 527 

i 

Le.-Cl. 

‘60 

290 

21-42 

4-63 

; 42-6 

K 

K. 


287 

21-19 

4-60 

43-0 

K 

Ho. 


286 

21-12 

4-60 

43-2 

K 

Ri.-Ba. 


272±2 

20-09 

4-48 

45-4 

i K 

Mo.-Fo. 


234 ±3 

17-28 

4-16 

52-8 

| 

Mo.-Fo. 


215 

15-88 

3-98 

57-5 

K 

Hg. 


75 

5-54 

2-35 

165 

i 

Mo.-Fo. 


74 

5-46 

2-34 

167 

i 

Le.-Cl. 


34-5 

2-55 

1-60 

358 

L 

Hg. 


32-9 

2-43 

1-56 

375 

! L 

K. 

7 N 

374 ±5 

27-62 

5-26 

33-0 

K 

Mo.-Fo. 


352 

25-99 

5-10 

35-1 


Mo.-Fo. 

8 0 

518 

38-25 

6-18 

23-8 

K 

K. 


478 ±2 

35-30 

5-94 

25-8 

K 

Mo.-Fo. 


49-8 

3-68 

1-92 ' 

248 

L 

K. 

30 Ne 

22-8 

1-68 

1-30 

541 

(L, ? Or.) 

Ho.-Da. 


20-0 

1-48 

1-22 

617 

(? CSr.) 

Ho.-Da. 


16-7 

1-23 

Ml 

739 

(LjL 2 ? Or.) 

Ho.-Da. 

11 Na 

35il-4 

2-58 

1*61 

353 

L 

Mo.-Fo. 


17±l-5 

1-26 

M2 

725 

L 

Mo.-Fo. 

32 Mg 

46±1 

3-40 

1-84 

268 

Li, a 

Mo.-Fo. 


33 ±1 

2-44 

1-56 

374 


Mo.-Fo. 

13 A1 

123 

9-08 

3-01 

100 

L 

K. 


37-9 

2-80 

1-67 

326 

M 

K. 

14 Si 

150 

11-08 

3-33 

82-5 

L 

K. 
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V 

v 

R 

h 
v it 

X in A. 

Origin. 

Author. 

15 P 

163*2 

12-04 

3-47 

75-8 


Mo.-Fo. 


126*1 

9-30 

305 

98 

^1, 2 

Mo.-Fo. 


110*1 

8-12 

2-85 

112 


Mo.-Fo. 


95*5 

7-02 

2-65 

130 


Mo.-Fo. 

16 S 

152*2-5 

11-22 

3-35 

81-2 

f-'l, 2 

Mo.-Fo. 


122*1 

9-01 

3-00 

101 

(.LsD 

Mo.-Fo. 

17 Cl 

198*3 

13*29 

3-65 

62-3 

■L, 4 

Mo.-Fo. 


175 

12-92 

3-59 

70-5 


Mo.-Fo. 


157*2 

11-59 

3-40 

78-6 


Mo.-Fo. 

19 K 

23-3±l 

1 -72 

1-31 

530 


Mo.-Fo. 


19-3*0-7 

1-43 

1-19 

640 


Mo.-Fo. 

22 Ti 

504 

37-22 

6-10 

24-5 

L 

K. 


145 

10-71 

3-27 

85*3 

M 

K. 

26 Fe 

757 

55-90 

7-48 

16-3 

L 

K. 


227 

16-76 

4-09 

54-3 

M 

K. 


50 

3-69 

1-92 

247 

N 

K. 


697 

51-5 

7-18 

17-7 

L 

R. 


637 

47-0 

6-86 

19-4 

L 

R. 


618 

45-5 

6-74 

20-0 

L 

R. 


1601 

11-83 

3-44 

77-0 

M 

R. 


153-4 

11-33 

3-37 

80-5 

M 

R. 


147-1 

10-88 

3-30 

83-9 

M 

R. 


140-9 

10-40 

3-22 

87-8 

M 

R. 


130-4 

9-63 

3-10 

94-6 

M 

R. 


111-2 

8-21 

2-87 

111-0 

M 

R. 


95-4 

7-05 

2-66 

129-6 

M 

R. 


81-7 

6-03 

2-46 

151 

M 

R. 


46-8 

3-46 

1-86 

264 

M 

; R. 

29 Cu 

3000 

! 73-85 

! 8-59 

12-3 

L 

! K. 


297 

i 21-93 

4-68 

41-6 

M 

K. 


104 

7-68 

2-77 i 

119 

X 

K. 

42 Mo 

356 

| 26-29 

| 5 13 

34-7 

M 

Ri.-Ba. 


marked influence on the slope of the curves, as shown in Figs. 89 and 90, 
so that we must not place too much faith in the values obtained by 
extrapolation. 

Still more important is the fact that we are here just in a region in 
which the transition occurs from the simple relations found in X-ray 
spectra to the far more complicated ones encountered in optical spectra. 
While in X-ray spectra the unoccupied orbits with their compara¬ 
tively small differences in energy cannot, in general, be distinguished, 
and the energy of dissociation is also relatively of no consequence, 
neither of these two factors can be neglected in the interpretation 
and classification of the lower voltages. Lindh’s investigations of Cl, S 
and P show that the chemical nature of the element is also a significant 

factor. 

s.s. 


Q 
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In the sixth column of Table 50 we have the interpretation of the 
breaks in the photo-electric curves, as given by the various authors,, 
and we observe that the agreement among them for different voltage- 
values is not especially good. One author often reports a distinct 
break in a curve at a given voltage, whereas another finds only 
a straight line, and it has already been shown above that the same 
author may arrive at quite different results in different series of 
measurement. 

In a recent publication Boyce has communicated some results obtained 
by the method of Kurth, which seem exceedingly interesting. In contrast 
to earlier work in this field Boyce worked with higher elements, from 
Ta (73) to Au (79). In this way he avoided the complication, probably 
arising from multiple ionization, which affects the results for the lower 
elements. Boyce was able to deduce most of the energy levels in the 
N group, and some in the M and 0 groups of the elements mentioned* 

|/ 

There is fairly good agreement between his values of ^ and those con¬ 
tained in Table 37. The results are collected together in Table 51. 


TABLE 51. 

y 

Values of ~ determined by Boyce compared with the values (calc.) 

from Table 37. 



M 

l Yr 


A, 

A* 

| -'":i IT. 

1* 

1 o* 

i 

o< 

b 

Ot 

Or 

*70 

(Exp. 

101-0? 

49-1 

38-0 

27-7 

_ _ 

1 

; 13-7 

2* 

80 

i 

5-67 

3-46 

_ 

_ _ 

to la 

(Calc. 

— 

41*7 

33-0 

30-0 

— 

117*2 

2*5 

5*3 

2*6 

— 

— 

*71 W 

fExp. 

— 

42-9 


29*7 

— 

— 

2*42 

5*45 

2*74 

— 

— 

W 

(Calc. 

— 

43-6 


30-6 

— 

— ■ 

2*5 

5*2 

2*9 

— 

— 

76 Os 

/Exp. 

104-5? 

44-2 

— 

— 

25*2 

15*6 

5*96 

4*05 

—- 

— 

— 

2*72 


(Calc. 

— 

44-4 

— 

— 

21-3 

20*1 

3*4 

3*6 

— 

— 

— 

| — 

- 

77 Tr 

/Exp. 

98-4? 

43*0 

— 

27-7 

17-7 

13*8 

4*421 

3*46 

— 

— 

_ 

2*65 

/ / ir 

/Calc. 

-- 

47*9 

— 

38-4 

22-4 

21*3 

4-2 

4*0 

— 

— 

— 

— 

- 

7Q T>+ 

/Exp. 

111 

54-2 

— 

40*4 

— 

152? 

3*24 

6*04 

7*8? 

_ 

_ 

to rZ 

/Calc. 

— 

52*5 

— 

42*3 

— 

23-2 

5*2 

7*1 

8*6 

— 

— 

7Q An 

/Exp. 

98-4? 

65*6 

— 

40*4 

32-8 

18*9 

6*68 

— 

_ 

_ 

4*56 

tv Am 

/Calc. 

— 

58-0 

— 

42*8 26*4 

25*0 

6*4 

— 

— 

— 

0*8 
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41. Wave-length Measurements by Millikan in the Extreme 
Ultra-violet Region. 

The measurements of ionizing potentials discussed in Section 40 refer 
mostly to the short wave-length end of the ultra-violet region. We 
must not forget, however, that the method there described does not 
really give the wave-lengths (even if we admit the validity of the Einstein 
photo-electric equation), but only the critical value of the voltage at which 
the radiation is excited. By analogy with X-ray spectra we should 
expect that the wave-length of the radiation emitted would be appreci¬ 
ably greater than the value calculated from the Einstein equation and 
contained in the fifth column of Table 50. 

A direct measurement of wave-lengths in this region would be very 
valuable, as it might throw light on relations which are evidently very 
complicated. It is, therefore, of the greatest interest that Millikan has 
recently succeeded in improving the methods' of ultra-violet spectroscopy 
to such an extent that a large part of the wave-length region here in 
question has been rendered accessible to direct measurement by the 
concave grating. It must, nevertheless, be admitted that the results so 
far obtained do not completely solve the problem. It can, however, be 
regarded as certain that the optical method developed by Millikan permits 
the measurement of wave-lengths down as low as 114 A. Measure¬ 
ments by X-ray methods have been extended by Hjaimar, as is well 
known, to about 13 A. Unfortunately, this gap is still too great to 
permit a reliable extrapolation of the series, but it does not seem entirely 
impossible to effect a junction by the method described in Section 39. 

Millikan used as his source of radiation a high potential spark, which 
he obtained by the discharge of a battery of large Leyden jars. The 
vacuum in which the spark took place was as high as that in the spectro¬ 
graph (10~ 4 mm. of Hg). In this way Millikan avoided any absorbing 
substance in the path of the rays. The concave gratings used were made 
in the Ryerson Laboratory at Chicago by Millikan and Fred Pearson, 
using the famous Michelson ruling engine. The number of lines on the 
gratings was from 500 to 1100 per mm. Millikan obtained the best 
spectra with a grating having 500 lines per mm., and a focal length of 
835 mm. In all, eight different gratings were used, and the spectra 
obtained with them were compared, to eliminate individual peculiarities 
of the gratings. When one considers that the ratio between the grating 
constant and the wave-length is 70 in some cases, the necessity for these 
precautions is obvious. Since the angles of reflection were necessarily 
somewhat small, nearly normal spectra were obtained, so that it was 
possible to interpolate by means of known aluminium lines at 1854*7 
and 1862*7 A. A very satisfactory check was afforded by a comparison 
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of measurements of the strongest lines in several orders. Millikan 
estimates the accuracy of his wave-length determinations to be 0*1 A. 

With the apparatus described, Millikan, partly in conjunction with 
Bowen, Sawyer and Shallenberger, investigated the wave-length region as 
far down as 144 A. (for Al). Extended wave-length measurements are 

o 

now available, among others, for iron from 271 to 2153 A., for C from 
360 to 1931 A., for Ni from 200 to 1860 A., for Zn from 316 to 

o 

2139 A., and for Al and Li as far as lines could be found in that region 
of the spectrum. We shall consider these last measurements at greater 
length, since they are of interest in the extension of X-ray series. 

There is a marked difference between the elements above and below 
neon (10). For Al, Mg and Na, Millikan found a single very short wave¬ 
length line, which he identified with La. With Al, for example, no other 
line was found on the plate from the single line just mentioned, with a 
wave-length of 144*3 A., up to 1200 A. With Mg the corresponding 
line is at 232-2, and it is followed by a region devoid of lines until 1700 
A., whilst for Na the corresponding wave-lengths are 376*5 and 2413 A. 

The three lines just cited are contained in the table below along with 


the corresponding values of A, 


v I v 

R’ \R 


and V. 


It is difficult to see any 


direct connection between these voltages and the ionizing potentials of 
Table 50. The extrapolation of the L series for the higher elements, for 
which measurements by the crystal method are available, lead to 
numerical values of this order of magnitude, and Kossel’s combination 
principle also gives wave-lengths of approximately the same value for the 
L series, which, of course, is to be looked for somewhere in this region. 
If we make use of the energy-level diagram of Bohr and Coster, and admit 
that the 3 3 electron orbit disappears at the atomic number 21, and the 
3 2 orbit at 13, then so far as we may extrapolate according to the laws 
which hold for X-ray spectra we should identify the line with L/3 3 /? 4 
rather than with La. 


Jl r. 


11 Na - 

- 

- 372-2 

2-449 

1-57 

33-1 

12 Mg- 

- 

- 232-2 

3-924 

1-98 

53-1 

13 Al - 

- 

- 144-3 

6-313 

2-52 

85-4 


For the still lighter elements it is more difficult to establish the con- 
nection between the optical data and the X-ray series ; nevertheless, 
Millikan has made an attempt to do so. Since the real X-ray lines arise 
from transitions between electron orbits which are occupied when the atom 
is in its normal state, and according to Bohr the elements below number 
10 have only the one quantum and two quantum orbits occupied, we should 
expect to find in this region at most only the K series. In the wave- 
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length region where, according to extrapolation, the L series should lie, 
Millikan found a number of spectral lines; they constitute a complex line 
system, however, and have little outward resemblance to the L series. 
It seems much more fitting to compare them with ordinary optical 
spectra. 

An idea of the difficulty of carrying the X-ray series over into this 
region may be gathered from Millikan’s interpretation of several lines in 
the spectrum of carbon. In an article dated July, 1920, he identifies 
three lines of wave-lengths 3844, 372*1 and 360*5 A. with La, Lfi 
and Ly, because their general appearance, relative positions, and 
intensities were thought to be suitable for those lines. In another 
paper, presented to the National Academy of Science in April of the 
same year, but evidently representing a later view-point of the author 
(the latter paper was printed in Oct. 1921), he considers it better, since 
the X-ray series cannot be directly carried over, to identify a strong line 

o 

of wave-length 1335*0 A. with La. There is, therefore, no general 
correspondence of this complicated system of many lines with the L series 
of X-ray spectra. 

It is apparent that Millikan’s first interpretation of the lines, in which 
he believed the well-known and very characteristic doublet of the L 
series reappeared, cannot be the right one, for the doublet difference, 
which may be calculated with great accuracy from the formula of Sommer- 
feld, should be about of that found experimentally by Millikan. 

In the opinion of the author, therefore, the results of this very impor¬ 
tant research belong more to the domain of optics than to that of X-rays, 
and for this reason the data, which have already become very extensive, 
are not presented here. 



APPENDIX 


TABLE I. 


Kilovolts required to excite the group of lines of highest frequency 
in the various X-ray series. 



K 

L 

M 

N 


K 

L 

M 

N 

92 U 

115 

21*7 

5*54 

1*44 

47 Ag 

25 5 

3*79 

0*72 

0*10 

90 Tli 

109 

20*5 

5*17 

1*33 

46 Pd 

24*4 

3*64 

0*67 

0*08 

83 Bi 

90-1 

16*4 

401 

0*96 

45 Rh 

23*2 

3*43 

0-62 

0*07 

82 Pb 

87-6 

15*8 

3*85 

0*89 

44 Ru 

22*1 

3*24 

0*59 

0*06 

81 T1 

85-2 

15*3 

3-71 

0*86 

42 Mo 

20*0 

2*87 

0*51 

0*06 

80 Hg 

82-9 

14*8 

3*57 

0*82 

41 Nb 

19*0 

2*68 

0*48 

0*05 

79 Au 

80*5 

14*4 

3-43 

0*79 

40 Zr 

18*0 

2*51 

0*43 

0*05 

78 Pt 

78-1 

13*9 

3*30 

0*71 

39 Y 

17*0 

2*36 

-— 

— 

77 Ir 

76*0 

13*4 

3-17 

0*67 

38 Sr 

16*1 

2*19 

— 

— 

76 Os 

73-8 

13*0 

3*05 

0*64 

37 Rb 

15*2 

2*05 

— 

— 

74 W 

69-3 

12-1 

2*81 

0*59 

35 Br 

13*5 

1*77 

— 

— 

73 Ta 

67*4 

11-7 

2-71 

0*57 

34 Se 

12*7 

1*64 

— 

— 

72 Hf 

65-4 

11-3 

2*60 

0*54 

33 A>s 

11*9 

1*52 

— 

— 

71 Lu 

63-4 

10*9 

2*50 

0*51 

32 Ge 

11-1 

1-41 

— 

— 

70 Yb 

61-4 

10*5 

2*41 

0*50 

31 Ga 

10*4 

1-31 

— 

— 

69 Tu 

59-5 

10*1 

2*31 

0*47 

30 Zn 

9*65 

1-20 

— 

— 

68 Er 

57*5 

9*73 

2*22 

0*45 

29 Cu 

8*86 

— 

— 

— 

67 Ho 

55-8 

9*38 

2-13 

0*43 

28 Ni 

8*29 

— 

— 

— 

66 Dy 

53-8 

903 

2*04 

0*42 

27 Co 

7*71 

— 

— 

— 

66 Tb 

520 

8*70 

1*96 

0*40 

26 Fe 

7*10 

— 

— 

— 

64 Gd 

50-3 

8*37 

1*88 

0*38 

25 Mn 

6*54 

— 

— 

— 

63 Eu 

48-6 

8*04 

1*80 

0*36 

24 Cr 

5*98 

— 

— 

— 

62 Sm 

46*8 

7*73 

1*72 

0*35 

23 Va 

5*45 

— 

— 

— 

60 Nd 

43*6 

7*12 

1*58 

0*32 

22 Ti 

4*95 

— 

— 

— 

69 Pr 

41*9 

6*83 

1*51 

0*30 

21 Sc 

4*49 

— 

— 

— 

68 Ce 

40*3 

6*54 

1*43 

0*29 

20 Ca 

4*03 

— 


— 

67 La 

38*7 

6*26 

1*36 

0*27 

19 K 

3*59 

— 

— 


66 Ba 

37*4 

5*99 

1*29 

0*25 

17 Cl 

2*82 

— 

— 


66 Cs 

35*9 

5*71 

1*21 

0*23 

16 S 

2*46 

— 

— 

— 

53 1 

33*2 

5*18 

108 

0*19 

15 P 

2*14 

_ 

— 

— 

52 Te 

31*8 

4*93 

1*01 

0*17 

14 Si 

1*83 

— 

— 

— 

61 Sb 

30*4 

4*69 

0*94 

0*15 

13 A1 

1*55 

— 

— 

— 

50 Sn 

29*1 

4*49 

0*88 

0*13 

12 Mg 

1*30 

— 

— 

— 

49 In 
48 Cd 

27*9 

26*7 

4*28 

4*07 

0*83 

0*77 

0*12 

0*11 

11 Na 

107 
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TABLE II. 

A. Shortest wave-lengths in X.U. excited at potentials from 
0-1 to 9*9 kilovolts. 



•0 

•1 

*2 

•3 

•4 

•5 

•6 

•7 

•8 

•9 



123400 

61700 

41133 

30850 

24680 

20567 

17629 

15425 

13711 

1 

12340 

11218 

10283 

9492 

8814 

8226 

7712 

7258 

6855 

6494 

2 

6170 

5876 

5609 

5365 

5141 

4936 

4746 

4570 

4410 

4255 

.3 

4113 

3980 

3856 

3739 

3629 

3525 

3427 

3335 

3247 

3164 

4 

3085 

3009 

2938 

2869 

2804 

2742 

2682 

2625 

2571 

2518 

.5 

2468 

2420 

2373 

2328 

2285 

2244 

2204 

2165 

2127 

2092 

6 

2067 

2023 

1990 

1959 

1928 

1898 

1870 

1842 

1815 

1788 

7 

1763 

1738 

1714 

1690 

1668 

1645 

1624 

1603 

1582 

1562 

8 

1543 

1523 

1504 

1487 

1469 

1452 

1435 

1418 

1402 

1387 

9 

I 1371 

1356 

1341 

1327 

1313 

1299 

1285 

1272 

1259 

1246 


B. Shortest wave-lengths in X.U. excited at potentials from 
10 to 149 kilovolts. 



0 

1 

2 

3 

4 

5 

6 

; 

7 

8 

9 

1 

1234 

1122 

1028 

949 

881 

823 

771 

725-8 

686 

649 

2 

617 

587-6 

560-9 

536-5 

514-1 

493-6 

474-6 

457 

441 

425-5 

3 

411-3 

398 

385-6 

373-9 

362-9 

352-5 

342-7 

333-5 

324-7 

316-4 

4 

308-5 

300-9 

293-8 

286-9 

280-4 

274-2 

268-2 

262-5 

257-1 

251-8 

•5 

246-8 

242 

237-3 

232-8 

228-5 

224*4 

220-4 

216-5 

212-7 

209-2 

•6 

205-7 

202-3 

199 

195*9 

192-8 

189-8 

187 

184-2 

181-5 

178-8 

7 

176-3 

173-8 

171-4 

169 

166-8 

164-5 

i 162-4 

160-3 

158-2 

156-2 

8 

154-3 

152-3 

150-4 

148-7 

146-9 

145-2 

143-5 

141-8 

140-2 

138-7 

9 

137-1 

135-6 

134-1 

132-7 

131-3 

129-9 

128-5 

127-2 

125-9 

124*6 

10 

123-4 

122-2 

121 

119-8 

118-7 

117-5 

116-4 

115-3 

114-3 

113-2 

11 

112-2 

111-1 

110-2 

109-2 

108-2 

107-3 

106-4 

105-5 

104-6 

103-7 

12 

102-8 

102 

101-2 

100-3 

99-5 

98-7 

97-9 

97-2 

96-4 

95-7 

13 

94-9 

94-2 

93-5 

92-8 

92-1 

91-4 

90-7 

90-1 

89-4 

88-8 

14 

88-1 

87-5 

86-9 

86-3 

85-7 

85-1 

: 84-5 

83-9 

83-4 

82-8 


C. Shortest wave-lengths in X.U. excited at potentials from 
150 to 245 kilovolts. 


150 

155 

160 

165 

170 

175 

180 

185 

190 

195 

82-3 

79-6 

77*1 

74-8 

72-6 

70-5 

68-6 

66-7 

64-9 

63-3 


200 

205 

210 

215 

220 

225 

230 

235 

240 

245 

61-7 

60-2 

58-8 

57-4 

56-1 

54-8 

53-7 

52-5 

51-4 

50-4 






Absorption coefficients and half-value thicknesses of several substances for a series of wave-lengths, (d, is the thickness in cm. of 
the substance which reduces the intensity of the corresponding wave-length radiation to one-half its initial value.) 




TABLE IV. 

D. Mendelejeff’s Periodic Table of the Elements, with Atomic Weights. 
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TABLE V. 


Reflection angles and wave-lengths (in X.U.)- Rocksalt. 2d=5628 X.U. 



0' 

10' 

20' 

30' 

40' 

50' 

1° 

98-2 

114-6 

131-0 

147-3 

163-7 

180-3 

2° 

190-4 

212*8 

229*3 

245-5 

261-9 

278-2 

3° 

294-0 

310-9 

327-2 

343-6 

369-9 

376-2 

■4° 

392-0 

408-9 

425-3 

441-6 

457-9 

474-2 

5° 

490-5 

506-8 

523-1 

539-4 

555-7 

572-0 

6° 

588-3 

604-6 

620-8 

637-1 

653-4 

669-6 

7° 

085-9 

702-1 

718-4 

734-6 

750-8 

767-0 

8° 

783-2 

799-5 

815-7 

831-9 

848-1 

864-2 

9° 

880-4 

896-6 

912-7 

928-9 

945-1 

901-1 

10° 

977-3 

993-4 

1009-5 

1025-6 

1041-7 

1057-8 

11° 

1073-9 

1089-9 

1106-0 

1122-1 

1138-1 

1154-1 

12° 

1170-1 

1186-2 

1202-1 

1218-1 

1234-1 

1250-1 

13° 

1200-0 

1281-9 

1297-9 

1313-9 

1329-7 

1345-7 

14° 

1301-5 

1377-4 

1393-3 

1409-1 

1425-0 

1440-8 

15° 

1450-0 

1472-5 

1488*2 

1504-0 

1519-8 

1535-5 

16° 

1551-3 

1567-0 

1582-8 

1598-5 

1614-1 

1629-8 

17° 

1045-5 

1661-1 

1676-8 

1692-4 

1708-0 

1723-0 

18° 

1739-2 

1754-7 

1770-2 

1785-8 

1801-3 

1816*8 

19° 

1832-3 

1847-8 

1863-2 

1878-7 

1894-1 

1909-5 

20° 

1924-9 

1940-3 

1955-0 

1971-0 

1986-3 

2001-6 

21° 

2010-9 

2032-2 

2047-4 

2062-7 

2077-9 

2093-1 

22° 

2108-3 

2123-4 

2138-6 

2153-7 

2168-9 

2183-9 

23° 

2199-0 

2214-1 

2229-1 

2244-2 

2259-2 

2274-2 

24° 

2289-1 

2304-0 

2319-0 

2333-9 

2348-8 

2363-6 

25° 

2378*5 

2393-3 

2408-1 

2422-9 

2437-7 

2452-4 

26° 

2407-1 

2481-8 

2496-5 

2511-2 

2525-8 

2540-5 

27° 

2555-1 

2569-6 

2584-2 

2598-7 

2613-2 

2627-7 

28° 

2042-2 

2656-6 

2671-0 

2685-5 

2699-8 

2714-2 

29° 

2728-5 

2742-8 

2757-1 

2771-3 

2785-6 

2799-8 

-30° 

2814-0 

2828-2 

2842-3 

2856-4 

2870-5 

2884-6 

-31° 

2898-0 

2912-7 

2926-7 

2940-6 

2954-6 

2968-5 

32° 

2982-4 

2996-2 

3010-1 

3023-9 

3037-7 

3051-5 

•33° 

3005-2 

3079-0 

3092-6 

3106-3 

3119-9 

3133-0 

34° 

3147-1 

3160-7 

3174*2 

3187-8 

3201-2 

3214-7 

-35° 

3228-1 

3241-5 

3254-8 

3268-2 

3281-5 

3294-8 

36° 

3308-1 

3321-3 

3334-5 

3347-6 

3360-8 

3373-9 

37° 

3387-0 

3400-1 

3413-1 

3426-1 

3439-1 

3452-0 

38° 

3404-9 

3477-8 

3490-7 

3503-5 

3516-3 

3529-1 

39° 

3541-8 

3554-5 

3507-2 

3579-9 

3592-5 

3605-1 

•40° 

3017-0 

3630-1 

3642*6 

3655-1 

3607-5 

3079-9 

41° 

3092-3 

3704-6 

3717-0 

3729-2 

3741-5 

3753-7 

42° 

3705-9 

3778-0 

3790-1 

3802-2 

3814-3 

3826-3 

43° 

3838-3 

3850-2 

3802-2 

3874-0 

3885-9 

3897-7 

44° 

3909-5 

3921-3 

3933-0 

3944-7 

3956-4 

3968-0 

45° 

3979-0 

3991-2 

4002-7 

4014-2 

4025*7 

4037-1 

40° 

4048-4 

4059-8 

4071-1 

4082-4 

4093-6 

4104-9 

-47° 

4110-0 

4127-2 

4138-3 

4149-4 

4160*4 

4171-5 
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0' 

! 

10' 

20' 

30' 

40' 

50' 

48° 

4182-4 

4193-4 

4204-3 

42151 

4226-0 

4236- 8 

49° 

4247-5 

4258-2 

4268-9 

4279-6 

4290-2 

4300-7 

50° 

4311-3 

4321-8 

4332-3 

4342-7 

4353-1 

4363-4 

51° 

4373-8 

4384-0 

4394-3 

4404-5 

4414-7 

4424-8 

52° 

4434-9 

4445-0 

4455-0 

4465-0 

4474-9 

4484-8 

53° 

4494-7 

4504-5 

4514-3 

4524-1 

4533-8 

4543-5 

54° 

4553-2 

4562-7 

4572-3 

4581-9 

4591-3 

4600-8 

55° 

4610-2 

4619-6 

4628-9 

4638-2 

4647-4 

4656-7 

56° 

4665-8 

4675-0 

4684-1 

4693-1 

4702-1 

4711-1 

57° 

4720-0 

4728-9 

4737-8 

4746-6 

4755-4 

4764-1 

58° 

4772-8 

4781-5 

4790-1 

4798-7 

4807-2 

4815-7 

59° 

4824-2 

4832-5 

4840-9 

4849-3 

4857-5 

4865-8 

60° 

4874-0 

4882-2 

4890-3 

4898-4 

4906-4 

4914-4 



Calcite. 

2c?= 6058-08 X.U. 



1° 

105-8 

j 123-4 

141-0 

158-7 

176-2 

193-9 

2° 

211-5 

229-1 

246-7 

264-3 

281-9 

299-5 

3° 

317-1 

334-7 

352-3 

369-9 

387-5 

405-0 

4° 

422-7 

440-2 

457-8 

475-4 

492-9 

510-5 

5° 

528-1 

545-6 

563-2 

580-7 

598-2 

615-8 

6° 

633-3 

650-8 

668-3 

685-8 

703-3 

720-9 

7° 

738-4 

755-9 

773*3 

790-8 

808-3 

825-7 

8° 

843-2 

860-6 

878-1 

895-5 

913-0 

930-3 

9° 

947-7 

965-2 

982-6 

999-9 

1017-3 

1034-7 

10° 

1052-0 

1069-4 

1086-7 

1104-1 

1121-4 

1138-7 

11° 

1156-0 

1173-3 

1190-9 

1207-9 

1225-1 

1242-4 

12° 

1259-6 

1276-9 

1294-1 

1311-3 

1328-5 

1345-7 

13° 

1362-8 

1380-0 

1397-2 

1414-3 

1431-4 

| 1448-5 

14° 

1465-6 

1482-7 

1499-8 

1516-9 

1534-0 

1551-0 

15° 

1568-0 

1585-0 

1602-0 

1619-0 

1636-0 

1652-9 

16° 

1669-9 

1686-8 

1703-8 

1720-7 

1737-5 

1754-4 

17° 

1771-3 

1788-1 

1804-9 

1821-8 

1838-6 

1855-3 

18° 

1872-1 

1888-8 

1905-6 

1922-3 

1939*0 

1955-7 

19° 

1972-4 

1989-0 

2005-6 

2022-3 

2038-9 

2055-5 

20° 

2072-0 

2088-6 

2105-1 

2121-7 

2138-1 

2154-6 

21° 

2171-1 

2187-5 

2203-9. 

2220-3 

2236-8 

2253-1 

22° 

2269-5 

2285*8 

2302-1 

2318-4 

2334-7 

2350-9 

23° 

2367-1 

2383-4 

2399-5 

2415-7 

2431-9 

2448-0 

24° 

2464-1 

2480-2 

2496-2 

2512-3 

2528-3 

2544-3 

25° 

2560-3 

2576-3 

2592-2 

2608-1 

2624-0 

2639-9 

26° 

2655-7 

2671-6 

2687-4 

2703-2 

2718-9 

2734-7 

27° 

2750-4 

2766-1 

2781-7 

2797-4 

2813*0 

2828-6 

28° 

2844-1 

2859-7 

2875-2 

2890-7 

2906-2 

2921-6 

29° 

2937-1 

2952-5 

2967-9 

2983-2 

2998*5 

3013-8 

30° 

3029-1 

3044-4 

3059-6 

3074-8 

3089-9 

3105-1 

31° 

3120-2 

3135-3 

3150-4 

3165-4 

3180-4 

3195-4 

32° 

3210-4 

3225-3 

3240-2 

3255-1 

3269-9 

3284-8 

33° 

3299-5 

3314-3 

3329-0 

3343-8 

3358-4 

3373-1 

34° 

3387-7 

3402-3 

3416-9 

3431-4 

3445-9 

3460-4 
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0' 

10' 

20' 

30' 

40' 

50' 

35° 

3474-9 

3489-3 

3503-6 

3518-0 

3532-3 

3546-6 

36° 

3560-9 

3575-2 

3589-4 

3603-5 

3617-7 

3631-8 

37° 

3645-9 

3660-0 

3674-0 

3688-0 

2702-0 

3715-9 

38° 

3729-8 

3743-7 

3757-5 

3771-3 

3785-1 

3798-8 

39° 

3812-5 

3826-2 

3839-9 

3853-5 

3867-1 

3880-6 

40° 

3894-1 

3907-6 

3921-0 

3934-5 

3947-9 

3961-2 

41° 

3974-5 

3987-8 

4001-1 

4014-3 

4027-5 

4040-6 

42° 

4053-7 

4066-8 

4079-8 

4092-8 

4105-8 

4118-8 

43° 

4131-8 

4144-5 

4157-4 

4170-1 

4182-9 

4195-6 

44° 

4208-4 

4221-0 

4233-6 

4246-2 

4258-8 

4271-3 

45° 

4283-8 

4296-2 

4308-6 

4321-0 

4333-3 

4345-6 

46° 

4357-9 

4370-1 

4382-3 

4394-4 

4406-5 

4418-6 

47° 

4430-6 

4442-6 

4454-6 

4466-6 

4478-4 

4490-3 

48° 

4502-1 

4513-9 

4525-6 

4537-3 

4549*0 

4560-6 

49° 

4572-2 

4583-7 

4595-2 

4606-7 

4618-1 

4629-5 

50° 

4640-8 

4652-1 

4663-4 

4674-6 

4685-8 

4697-0 

51° 

4708*1 

4719-1 

4730-1 

4741-2 

4752-1 

4763-0 

52° 

4773-9 

4784-7 

4795-5 

4806-2 

4817-0 

4827-6 

53° 

4838-2 

4848-8 

4859-3 

4869-8 

4880-3 

4890-7 

54° 

4901-1 

4911-4 

4921-7 

4932-0 

4942-2 

4952-4 

55° 

4962-5 

4972-6 

4982-6 

4992-6 

5002*6 

5012-5 

56° 

5022-4 

5032-2 

5042-0 

5051-8 

5061*5 

5071-1 

57° 

5080-7 

5090-3 

5099-8 

5109-3 

5118-8 

5128-2 

0 

00 

5137-6 

5146-9 

5156-2 

5165-4 

5174-6 

5183-7 

59° 

5192*8 

5201-8 

5210-9 

5219-8 

5228-7 

5237-6 

60° 

5246-5 

5255-3 

5264-0 

5272-7 

5281-3 

5290-0 



Quartz 

. 2d = 8494 X.U. 



1° 

148-2 

172-9 

197-7 

222-4 

247-0 

271-7 

2° 

296-4 

321-2 

345-8 

370-5 

395-2 

419-9 

3° 

444-6 

469-2 

493-8 

518-6 

543-2 

567-8 

4° 

592-5 

617-2 

641-8 

666-4 

691-1 

715-7 

5° 

740-3 

764-9 

789-5 

814-1 

838-7 

863-3 

6° 

887-9 

912-4 

937-0 

961-5 

986-1 

1010-6 

7° 

1035-2 

1059-7 

1084-2 

1108-7 

1133-2 

1157*6 

8° 

1182-1 

1206-6 

1231-0 

1255-5 

1280-0 

1304-3 

9° 

1328-7 

1353-2 

1377-6 

1401-9 

1426-3 

1450-6 

10° 

1475-0 

1499-3 

1523-6 

1547*9 

1572-2 

1596-4 

11° 

1620-7 

1644-9 

1669-2 

1693-4 

1717-7 

1741-9 

12° 

1766-0 

1790-2 

1814-3 

1838-4 

1862-6 

1886-7 

13° 

1910-7 

1934-8 

1958-9 

1982-9 

2006-8 

2030-9 

14° 

2054-9 

2078-8 

2102-8 

2126-7 

2150-7 

2174-5 

15° 

2198-4 

2222-4 

2246-1 

2269-9 

2293-7 

2317*5 

16° 

2341-3 

2365-0 

2388-8 

2412-5 

2436-1 

2459-8 

17° 

2483-4 

2507-0 

2530-6 

2554-2 

2577-8 

2601-3 

18° 

2624-8 

2648-3 

2671-7 

2695*1 

2718-6 

2742-0 

19° 

2765-4 

2788-8 

2812-0 

2835-4 

2858*7 

2881-9 

20° 

2905-1 

2928-3 

2951*5 

2974-7 

2997*8 

3020-9 

21° 

3044-0 

3067-0 

3090-0 

3113-1 

3136-1 

3159*0 
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0' 

JO' 

20' 

30' 

40' 

50' 

22° 

3181*9 

3204*8 

3227-6 

3250-5 

3273-3 

3296-1 

23° 

3318-9 

3341-6 

3364-3 

3387-0 

3409-7 

3432-3 

24° 

3454-8 

3477-4 

3499-9 

3522-4 

3544-9 

3567-3 

25° 

3589-7 

3612-1 

3634-4 

3656-8 

3679-0 

3701-3 

26° 

3723-5 

3745-7 

3767-9 

3790*0 

3812-1 

3834-2 

57° 

3856-2 

3878-2 

3900-2 

3922-1 

3944-0 

3965-8 

28° 

3987-7 

4009-5 

4031-3 

4053-0 

4074-7 

4096-3 

29° 

4118-0 

4139-6 

4161-1 

4182-6 

4204-1 

4225*6 

30° 

4247-0 

4268-4 

4289-7 

4311-0 

4332-3 

4353-5 

31° 

4374-7 

4395-9 

4417-0 

4438-1 

4459-2 

4480-2 

32° 

4501-1 

4522 0 

4542-9 

4563-8 

4584-6 

4605-4 

33° 

4626-2 

4646-9 

4667-5 

4688-2 

4708-7 

4729-3 

34° 

4749-8 

4770-2 

4790-7 

4811-1 

4831-4 

4851-7 

35° 

4872-0 

4892-2 

4912-3 

4932-5 

4952-6 

4972-6 

36° 

4992-7 

5012-6 

5032-5 

5052-4 

5072-3 

5092-1 

37° 

5111-9 

5131-6 

5151-2 

5170-8 

5190-4 

5210-0 

38° 

5229-4 

5248-9 

5268-3 

5287-6 

5307-0 

5326-2 

39° 

5345-4 

5364-6 

5383-8 

5402-9 

5421-9 

5440-9 

40° 

5459-9 

5478-7 

5497-6 

5516-4 

5535-2 

5553-9 

41° 

5572-6 

5591-2 

5609-8 

5628-3 

5646-8 

5665-2 

42° 

5683-6 

5701-9 

5720-2 

5738-5 

5756-6 

5774-8 

43° 

5792-9 

5810-9 

5828-9 

5846-8 

5864-8 

5882-6 

44° 

5900-4 

5918-2 

5935-9 

5953*5 

5971-1 

5988-7 

45° 

6006-2 

6023-6 

6041-0 

6058-3 

6075-7 

5092-9 

46° 

6110-1 

6127-2 

6144-3 

6161-3 

6178-3 

6195-3 

47° 

6212-1 

6228-9 

6245-7 

6262-5 

6279-1 

6295-8 

48° 

6312-2 

6328-8 ' 

6345-3 

6361-7 

6378-0 

6394-3 

49° 

6410-5 

6426-6 

6442-8 

6458-9 

6474-9 

6490-9 

•50° 

6506-7 

6522-6 

6538-4 

6554-1 

6569-9 

6585-5 

51° 

6601-1 

6616-1 

6632-0 

6647-5 

6662-9 

6678-2 

52° 

6693-4 

6708-6 

6723-7 

6738-7 

6753-7 

6768-7 

53° 

6783-6 

6798-4 

6813-2 

6828-0 

6842-6 

6857-2 

54° 

6871-8 

6886-3 

6900-7 

6915-1 

6929-4 

6943-7 

55° 

6957-9 

6972-0 

6986-1 

7000-2 

7014-1 

7028-0 

56° 

7041-9 

7055*6 

7069-4 

7083-1 

7096-7 

7110*2 

.57° 

7123-7 

7137-1 

7150-4 

7163-8 

7177-0 

7190-2 

38° 

7203-3 

7216-4 

7229-4 

7243-3 

7255-2 

7268-1 

39° 

7280-8 

7293-5 

7306-1 

7318-7 

7331-2 

7343-7 

60° 

7356-1 

7368-4 

7380-6 

7392-8 

7404-9 

7417-0 



Gypsum, 2d= 15,155 X.U. 



J° 

264-5 

308-6 

352-7 

[ 396-8 

440-7 

484-8 

2° 

528-9 

573-0 

617*0 

661-1 

705-2 

749-1 

3° 

793-2 

837-2 

881-1 

925-2 

969-2 

1013-1 

4° 

1057-2 

1101-2 

1145-1 

1189-1 

1233-0 

1277-0 

3° 

1320-9 

1364*7 

1408-7 

1452-6 

1496-4 

1540-4 

6° 

1584-2 

1628-0 

1671-7 

1715*5 

1759-3 

1803-1 

7° 

1846-9 

1890-7 

1934-4 

1978-2 

2021-8 

2065-5 

8° 

2109-1 

2152-8 

2196*4 

2240-1 

2283-7 

2327-2 



254 


APPENDIX 



o' 

10' 

20' 

30' 

40' 

50' 

9° 

2370-7 

2414-3 

2457-8 

2501-3 

2544-8 

2588-2 

10° 

2631-7 

2675-0 

2718-4 

2761-8 

2805-0 

2848-4 

11° 

2891-7 

2934-9 

2978-3 

3021-5 

3064-6 

3107-8 

12° 

3150-9 

3194-1 

3237-1 

3280-1 

3323-2 

3366-2 

13° 

3409-1 

3452-0 

3495-0 

3537-9 

3580-7 

3623-6 

14° 

3666-3 

3709-3 

3751-8 

3794-5 

3837-2 

3879-6 

15° 

3922-4 

3965-0 

4007-4 

4050-0 

4092-5 

4134-9 

16° 

4177-3 

4219-6 

4262-0 

4304-3 

4346-5 

4388-7 

17° 

4430-9 

4473-0 

4515-1 

4557-3 

4599-2 

4641-2 

18° 

4683-2 

4725-0 

4766-9 

4808-7 

4850-5 

4892-3 

19° 

4934-0 

4975-7 

5017-2 

5058-9 

5100-4 

5141-9 

20° 

5183-3 

5224-7 

5266-1 

5307-4 

5348-7 

5389-6 

21° 

5431-1 

5472-2 

5513-2 

5554-3 

5595-4 

5636-3 

22° 

5677-2 

5718-0 

5758-7 

5799-5 

5840-3 

5880-9 

23° 

5921-5 

5962-1 

6002-6 

6043-1 

6083-5 

6123-6 

24° 

6164-1 

6204-3 

6244-5 

6284-6 

6324-8 

6364-6 

25° 

6404-8 

6444-7 

6484-5 

6524-4 

6564-1 

6603-6 

26° 

6643-5 

6683-1 

6722-6 

6762-2 

6801-6 

6841-9 

27° 

6880-2 

6919-5 

6958-7 

6997-8 

7036-9 

7075*9 

28° 

7114-8 

7153-8 

7192-6 

7231-4 

72700 

7308-7 

29° 

7347-3 

7385-8 

7424-3 

7462-6 

7501-0 

7539-3 

30° 

7577-5 

7615-7 

7653-7 

7691-8 

7729-7 

7767-5 

31° 

7805-4 

7843-2 

7880-9 

7918-5 

7956-1 

7993-5 

32° 

8030-9 

8068-2 

8105-5 

8142-8 

8179-9 

8217-0 

33° 

8254-0 

8291-0 

8327-8 

8364-7 

8401-3 

8438-0 

34° 

8474-5 

8511-0 

8547-6 

8583-9 

8620-2 

8656-4 

35° 

8692-6 

8728-7 

8764-6 

8800-5 

8836-4 

8872-2 

36° 

8908-0 

8943-6 

8979-0 

9014-5 

9050*0 

9085-3 

37° 

9120-6 

9155-7 

9190-7 

9225-8 

9260*8 

9295-6 

38° 

9330-3 

9365-0 

9399-7 

9434-1 

9468-7 

9503-1 

39° 

9537-3 

9571-6 

9605-7 

9639-8 

9673-7 

9707-7 

40° 

9741-5 

9775-1 

9808-8 

9842-4 

9875-9 

9909-2 

41° 

9942-6 

9975-8 

10009-0 

10042-0 

10075-0 

10107-9 

42° 

10140-7 

10173-4 

10206-0 

10238-6 

10271-0 

10303-4 

43° 

10335-7 

10367-8 

10400-0 

10431-9 

10463-9 

10495-7 

44° 

10527-6 

10559-2 

10590-8 

10622-3 

10653-7 

10685-0 

45° 

10716-3 

10747-3 

10778-4 

10809-3 

10840-2 

10871-0 

46° 

10901-6 

10932-2 

10962-7 

10993-0 

11023-3 

11053-6 

47° 

11083-6 

11113-6 

11143-6 

11173-5 

11203-2 

11232-9 

48° 

11262-3 

11291-8 

11321-2 

11350-5 

11379-6 

11408-7 

49° 

11437-6 

11466-4 

11495-2 

11524-0 

11552-5 

11581-0 

50° 

11609-3 

11637-7 

11665*9 

11693-9 

11721-9 

11749-6 

51° 

11777-7 

11805-3 

11832-9 

11860-5 

11887-9 

11915-2 

52° 

11942-3 

11969-4 

11996-4 

12023-2 

12050-0 

12076-7 

53° 

12103-4 

12129-8 

12156-1 

12182-5 

12208-6 

12234-6 

54° 

12260-7 

12286-5 

12312-2 

12338-0 

12363-4 

12388-9 

55° 

12414-2 

12439-5 

12464-7 

12489-7 

12514-5 

12539-4 

56° 

12564-1 

12588*7 

12613-2 

12637-6 

12661-9 

12685-9 

57° 

12710-0 

12734-0 

12757-8 

12781-6 

12805-2 

12828-7 

58° 

12852-2 

12875-5 

12898-7 

12921-8 

12944-8 

12967-7 
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0' 

10' 

20' 

30' 

40' 

50' 

59° 

12990*4 

13013*0 

13035*6 

13058*0 

13080*3 

13102*6 

60° 

13124*7 

13146*7 

13168*5 

13190-3 

13211-8 

13233*5 



Sugar. 

2rf—21,141 X.U. 



1° 

368-9 

430*4 

492*0 

553*5 

614*8 

678-3 

2° 

737*8 

799*3 

860*7 

922*2 

983*7 

1045*0 

3° 

1106*5 

1167*8 

1229*1 

1290*7 

1352*0 

1413-3 

4° 

1474*8 

1536*1 

1597*4 

1658*7 

1720*0 

1781-3 

5° 

1842*6 

1903*7 

1965*1 

2026*4 

2087-5 

2148*8 

6° 

2209*9 

2271*0 

2332*1 

2393*2 

2454*3 

2515*4 

7° 

2576*5 

2637*6 

2698*4 

2759*5 

2820*4 

2881*3 

8° 

2942*2 

3003*1 

3064*1 

3124*9 

3185*7 

3264*4 

9° 

3307*1 

3368*0 

3428*6 

3489*3 

3550*0 

3610*5 

10° 

3671*1 

3731*6 

3792*1 

3852*7 

3913-0 

3973-5 

11° 

4033*9 

4094*2 

4154*6 

4214*9 

4275*1 

4335*4 

12° 

4395*4 

4455*7 

4515*7 

4575*8 

4635*8 

4695*8 

13° 

4755*7 

4815*5 

4875*5 

4935*4 

4995*0 

5054 a 

14° 

5114*4 

5174*0 

5233*7 

5293-3 

5352-9 

5412-3- 

15° 

5471*7 

5531*1 

5590*3 

5649*7 

5708*9 

5768*1 

16° 

5827*3 

5886-3 

5945*5 

6004*5 

6063*2 

6122-2 

17° 

6181*0 

6239*8 

6298*5 

6357*3 

6415*9 

6474*4 

18° 

6533*0 

6591*3 

6649*7 

6708*0 

6766*4 

6824*7 

19° 

6882*9 

6941*0 

6998-9 

7057*1 

7115*0 

7172*9 

20° 

7230*6 

7288*4 

7346*1 

7403*8 

7461*3 

7518*8- 

21° 

7576*3 

7633*6 

7690*9 

7748*2 

7805*5 

7862*5 

22° 

7919*6 

7976*5 

8033*4 

8090*2 

8147*1 

8203 a 

23° 

8260*4 

8317*1 

8373*5 

8430*0 

8486*4 

8542*7 

24° 

8598*9 

8654*9 

8710*9 

8767*0 

8823*0 

8878-a 

25° 

8934*6 

8990*2 

9045*8 

9101*4 

9156*8 

9212*2 

26° 

9267*6 

9322*8 

9377*9 

9433*1 

9488*1 

9543*0* 

27° 

9597*8 

9652*6 

9707*3 

9761*9 

9816*4 

9870*7 

28° 

9925*1 

9979*4 

10033*5 

10087*6 

10141*5 

10195*5 

29° 

10249*4 

10303*1 

10356*8 

10410*3 

10463*7 

10517*2 

30° 

10570*5 I 

10623*8 

10676*8 

10729*9 

10782*8 

10835*6 

31° 

10888*5 

10941*1 

10993*7 

11046*2 

11098*6 

11150-a 

32° 

11203*0 

11255*0 

11307*1 

11359*1 

11410*9 

11462*7 

33° 

11§14*2 

11565*8 

11617*2 

11668*6 

11719*7 

11770*9 

34° 

11821*8 

11872*8 

11923*7 

11974*5 

12025*0 

12075*5 

35° 

12126*1 

12176*4 

12226*5 

12276*6 

12326*7 

12376*6 

36° 

12426*5 

12476*1 

12525*6 

12575*1 

12624*6 

12673*6 

37° 

12723*1 

12772*1 

12821*0 

12869*8 

12918*6 

12967*3- 

38° 

13015*7 

13064*1 

13112*5 

13166*0 

13208*7 

13256*7 

39° 

13304*5 

13352*2 

13399*8 

13447*4 

13494*7 

13542*1 

40° 

13589*2 

13636*2 

13683*1 

13730*0 

13776*7 

13823*3 

41° 

13848*6 

13916*1 

13962*4 

14008*4 

14054*5 

14100*4 

42° 

14146*1 

14191*7 

14237*2 

14282*6 

14327*9 

14373*1 

43° 

14418*2 

14463*0 

14507*8 

14552*4 

14597*0 

14641*4 

44° 

14685*8 

14730*0 

14774*0 

14817*9 

14861*7 

14906*5 

45° 

14949*0 

14992*4 

15035*7 

15078*8 

15121*9 

15164*9 
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0' 

10' 

20' 

30' 

40' 

50' 

46° 

15207-6 

15260-3 

15292-8 

15335-0 

15377-3 

15419-6 

47° 

15461-5 

15503-3 

15545*2 

15586*8 

15628-3 

15669-7 

48° 

15710-7 

15751-9 

15793-0 

15833-8 

15874-4 

15914-9 

49° 

15965-3 

15995*5 

16035-7 

16075-8 

16115*6 

16155-3 

o 

o 

16194-9 

16234-4 

16273-7 

16312*8 

16351-9 

16390-8 

51° 

16429-7 

16468-2 

16506*7 

16545*2 

16583-4 

16621-5 

52° 

16659*3 

16697-2 

16734*8 

16772-2 

16809-6 

16846-8 

53° 

16884*0 

16920-8 

16957*6 

16994-4 

17030-8 

17067-1 

54° 

17103*5 

17139-4 

17175*4 

17211-3 

17246-8 

17282-3 

55° 

17317*7 

17353-0 

17388*0 

17422-9 

17457-6 

17492-3 

56° 

17526*7 

17561-0 

17595*0 

17629-3 

17663-1 

17696-7 

57° 

17730*3 

17763-7 

17796*9 

17830-1 

17863-1 

17895-9 

58° 

17928*6 

17961-2 

17993*5 

18025-7 

18057-8 

18089-7 

59° 

18121*4 

18152-9 

18184*4 

18216-7 

18246-8 

18277-9 

60° 

18308*7 

18339-4 

18369*8 

13400-3 

18430-3 

18460-5 




TABLE VI, 


The principal X-ray spectral lines of the elements arranged in order of their 

wave-lengths. 


A . 10 u . 

Element. 

Series. 

Line. 

10 n . 

Element. 

Series. 

Line. 

A. 10 u . 

Element. 

Series. 
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58 Ce 

L 

Pi 

1911 

25 Mn 

K 

0' 

2106 

58 C© 

L 

7ft 

2351 

58 Ce 

L 

Pi 

1916 

66 Dy 

L 

«2 

2115 

59 Pr 

L 

02 

2365 

60 Nd 

L 

a-x 

1916 

63 Eu 

L 

0 1 

2116 

63 Eu 

L 

ai 

2371 

56 Ba 

L 

P» 

1922 

63 Eu 

L 

04 

2322 

59 Pr 

L 

014 

2374 

57 La 

L 

Pi 

1923 

26 F© 

K 

a 3 

2122 

60 Nd 

L 

03 

2376 

56 Ba 

L 

Pi 

1931 

60 Nd 

L 

7ft 

2127 

63 Eu 

L 

a 2 

2376 

60 Nd 

L 

a s 

1932 

59 Pr 

L 

7s 

2130 

56 Ba 

L 

73 

2382 

56 Ba 

L 

Px X 

1932 

26 Fe 

L 

a x 

2134 

56 Ba 

L 

72 

2390 

63 Eu 

L 

l 

1937 

26 Fe 

K 

CL 2 

2137 

57 La 

L 

7i 

2399 

56 Ba 

L 

pi 

1942 

62 Sm i 

L 

06 

2140 

56 Ba 

L 

7io 

2404 

60 Nd 

L 

r l 

1942 

59 Pr 

L 

77 

2154 

66 Dy 

L 

l 

2405 

57 La 

L 

Pi 

1951 

58 C© 

L 

7s 

2162 

60 Nd 

L 

0i 

2411 

55 Cs 

L 

7s 

1956 

58 C© 

L 

72 

2169 

55 Cs 

L 

74 

2437 

90 Th 

M\ 

m b o 9 

1957 

59 Pr 

L 

7i 

2176 

58 C© 

L 

07 

2439 

92 U 

M 

M<O t 

1958 

62 Sm 

L 

0s 

2184 

58 Ce 

L 

08 

2444 

57 La 

L 1 

P* 
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Element. 
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Line. 

A. 10” 

. Element. 

Series. 

Line. 

A . 10 u 

Element. 

Series, j 

Line. 

2453 

57 La 

L 

A 

2815 

92 U 

M 


3143 

50 Sn 

L 

A i 

2458 

59 Pr 

L 

CLi 

2827 

50 Sn 

L 

72 

3145 

51 Sb 

L 

A 

2468 

59 Pr 

L 

0-2 

2845 

51 Sb 

L 

7i 

3149 

50 Sn 

L 

A 

2473 

55 Cs 

L 

A 

2857 

56 Ba 

L 

V 

3151 

53 1 

L 

a 2 

2477 

62 Sm 

L 

l 

2867 

53 I 

L 

A 

3155 

49 In 

L 

7i 

2477 

56 Ba 

L 

A 

2876 

52 Te 

L 

A 

3168 

50 Sn 

L 

A 

2480 

55 Cs 

L 

A 

2886 

55 Cs 

L 

«1 

3184 

51 Sb 

L 

A 

2483 

55 Cs 

L 

Ai 

2896 

55 Cs 

L 


3218 

51 Sb 

L 

A 

2485 

23 Va 

K 


2906 

53 I 

L 

A 

3242 

49 In 

L 

75 

2494 

22 Ti 

K 

A 

2909 

92 U 

M 

m r n„ 

3260 

49 In 

L 

A 

2498 

23 Va 

K 


2917 

90 Th 

M 


3262 

50 Sn 

L 

A 

2502 

23 Va 

K 

a 2 

2919 

49 In 

L 

74 

3266 

49 In 

L 

fto 

2506 

52 Te 

L 

74 

2926 

51 Sb 

L 

7s 

3276 

90 Th 

M 

M 3 O b 

2506 

55 Cs 

L 


2927 

92 U 

M 

M z O l 

3282 

52 Te 

L 

a L 

2507 

59 Pr 

L 

•l 

2931 

53 1 

L 

A 

3291 

52 Te 

L 

a 2 

2509 

22 Ti 

K 

A 

2964 

52 Te 

L 

A 

3296 

49 In 

L 

ft 2 

2511 

56 Ba 

L 

A 

2966 

51 Sb 

L 


3299 

50 Sn 

L 

A 

2515 

22 Ti 

K 

A 

2969 

50 Sn 

h 

7? 

3300 

47 Ag 

L 

72 

2550 

56 Ba 

L 

A 

2973 

51 Sb 

L 

A. 

3302 

48 Cd 

L 

77 

2556 

58 Ce 

L 

«l 

2974 

49 In 

L 

7a 

3304 

49 In 

L 

Ax 

2562 

56 Ba 

L 

A 

2983 

55 Cs 

L 

V 

3317 

49 In 

L 

pi 

2565 

52 Te 

L 

72 

2986 

51 Sb 

L 

A. 

3321 

92 U 

M 

M a N 7 

2565 

58 Co 

L 


2993 

51 Sb 

L 

Ax 

3328 

48 Cd 

L 

7i 

2577 

53 I 

L 

7i 

2995 

50 Sn 

L 

7i 

3330 

20 Ca 

K 

a 4 

2588 

55 Cs 

L 

A 

2999 

90 Th 

M 

M i N l 

3331 

49 In 

L 

A 

2612 

90 Th 

M 

M x 0 2 

3000 

57 La 

L 

l 

3332 

20 Ca 

K 

a 3 

2615 

58 Ce 

L 

V 

3001 

52 Te 

L 

A 

3336 

50 Sn 

L 

A 

2623 

55 Cs 

L 

ft 

3006 

21 Sc 

K 

a 3 

3349 

20 Ca 

K 

a" 

2634 

51 Sb 

L 

74 

3017 

51 Sb 

L 


3352 

20 Ca 

K 

ax 

2660 

57 La 

L 

ai 

3023 

21 Sc 

K 

a" 

3355 

20 Ca 

K 

a 2 

2661 

55 Cs 

L 

A 

3025 

21 Sc 

K 

ax 

3378 

50 Sn 

L 

A 

2669 

57 La 

L 

«2 

3028 

21 Sc 

K 

a 2 

3418 

48 Cd 

L 

y 3 

2670 

60 Nd 

h 

l 

3040 

52 Te 

L 

A 

3428 

49 In 

L 

A 

2678 

55 Cs 

L 

ft 

3067 

20 Ca 

K 

A 

3432 

51 Sb 

L 

Cti 

2689 

51 Sb 

L 

72 

3070 

52 Te 

L 

A 

3435 

19 K 

K 

Pi 

2706 

52 Te 

L 

7i 

3077 

50 Sn 

L 

■y® 

3441 

51 Sb 

L 

a 2 

2727 

22 Ti 

K 

«3 

3080 

20 Ca 

K 

A' 

3443 

19 K 

K 

A' 

2734 

57 La 

L 

V 

3083 

20 Ca 

K 

A 

3447 

19 K 

K 

A 

2743 

22 Ti 

K 

ai 

3091 

20 Ca 

K 

A 

3459 

92 U 

M 

y' 

2746 

53 I 

L 

ft 

3107 

92 XJ 

M 

at 3 o 5 

3462 

49 In 

L 

A 

2747 

22 Ti 

K 

a 2 

3108 

51 Sb 

L 

A 

3468 

48 Cd 

L 

Pa 

2750 

92 U 

M 

m 5 n 5 

3108 

50 Sn 

L 

A 

3472 

92 U 

M 

m 3 n 3 

2756 

21 Sc 

K 

(h 

3109 

90 Th 

M 

Af s O t 

3478 

48 Cd 

L 

Pu 

2770 

56 Ba 

L 


3114 

50 Sn 

L 

Ao 

3480 

47 Ag 

L 

y? 

2771 

50 Sn 

L 

74 

3125 

49 In 

L 

y 7 

3481 

46 Pd 

L 

y 3 

2774 

21 Sc 

K 

ft 

3127 

90 Th 

M 

M s N e 

3499 

49 In 

L 

A 

2778 

59 Pr 

L 

l 

3129 

56 Ba 

L 

l 

3506 

48 Cd 

L 

A 

2779 

fee Ba 

L 

a 2 

3132 

48 Cd 

L 

y 2 

3514 

92 U 

M 

MtPi 

2783 

02 Te 

L 

76 

3135 

50 Sn 

L 

As 

3515 

47 Ag 

L 

7i 

2799 

2l Sc 

K 

ft 

3142 

53 1 

L 

a, 

3530 

90 Th 

M 

m,n 7 
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A.10”. 
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Series. 

Line. 

A. 10”. 
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Series. 

Line. 

3548 

49 In 

L 

A 

3897 

45 Rh 

L 

7-' 

4410 

47 Ag 

L 

V 

3570 

92 U 

M 

m 2 o 4 

3901 

46 Pd 

L 

A 

4433 

74 W 

M 

m s u 3 

3592 

50 Sn 

L 

a 3 

3901 

92 U 

M 

AA 

4471 

48 Cd 

L 

l 

3600 

51 Sb 

L 

V 

3913 

92 U 

M 


4476 

44 Ru 

L 

A 

3601 

50 Sn 

L 

a 2 

3921 

90 Th 

M 

A 

4497 

83 Bi 

M 

y' 

3607 

48 Cd 

L 

A 

3925 

90 Th 

M 

P" 

4513 

44 Ru 

L 

pi 

3607 

47 Ag 

L 

7s 

3927 

47 Ag 

L 

Pi 

4513 

83 Bi 

M 

m 3 n 3 

3620 

47 Ag 

L 

A 

3931 

90 Th 

M 

M 9 A 2 

4548 

77 Ir 

M 

m 3 n 3 

3630 

47 Ag 

L 

A 0 

3932 

81 T1 

M 

M S N S 

4569 

90 Th 

M 

iV/ 3 A 7 

3636 

48 Cd 

L 

A 

3933 

48 Cd 

L 

a* 

4572 

45 Rh 

L 

a 3 

3645 

90 Th 

M 

/ 

3936 

45 Rh 

L 

7i 

4588 

45 Rh 

L 


3654 

47 Ag 

L 

PlM 

3945 

82 Pb 

M 

M t N< 

4596 

45 Rh 

L 

a 2 

3657 

90 Th 

M 

m 3 n 3 

3948 

48 Cd 

h 


4611 

44 Ru 

L 

Pi 

3663 

47 Ag 

L 

At 

3956 

48 Cd 

L 

a 2 

4639 

41 Nb 

L 

72 

3672 

83 Hi 

M 


3976 

49 In 

L 


4646 

82 Pb 

M 

M 4 N 7 

3674 

48 Cd 

L 

A 

4007 

46 Pd 

L 

A 

4650 

46 Pd 

L 

V 

3676 

46 Pd 

L 

77 

4026 

46 Pd 

L 

A 

4666 

82 Pb 

M 

M 3 A 3 

3677 

45 Rh 

L 

7* 

A 

4035 

45 Rh 

L 

7 5 

4684 

17 Cl 

K 

«4 

3684 

92 U 

M 

4049 

45 Rh 

L 

At 

4688 

17 Cl 

K 


3694 

47 Ag 

L 

A 

4062 

46 Pd 

L 

Pi 

4698 

47 Ag 

L 

l 

3696 

92 U 

M 

P" 

p"' 

4063 

50 Sn 

L 

l 

4703 

17 Cl 

K 

a 

3700 

92 U 

M 

4073 

45 Rh 

L 

Pii 

4711 

42 Mo 

L 

Ti 

3709 

19 K 

K 

Gti 

4095 

81 Tl 

M 

M 4 N a 

4712 

17 a 

K 

a" 

3709 

92 U 

M 

m 2 n 2 

4097 

90 Th 

M 

a 

4718 

17 Cl 

K 


3710 

52 Te 

L 

l 

4122 

45 Rh 

L 

ft 

4721 

17 Cl 

K 

«2 

3711 

19 K 

K 

a 3 

4129 

90 Th 

M 

M X N X 

4768 

77 Ir 

M 


3716 

46 Pd 

L 

7i 

4132 

47 Ag 

h 


4779 

76 Oh 

M 

m 5 n. 

3719 

19 K 

K 

a' 

4137 

46 Pd 

L 

ft 

4798 

81 Tl 

M 

y' 

3730 

19 K 

K 

a" 

4138 

90 Th 

M 

m x n 2 

4806 

81 Tl 

M 

m h n 3 

3730 

48 Cd 

L 

ft 

4146 

47 Ag 

L 

ai 

4815 

83 Bi 

M 

m 2 o 4 

3734 

19 K 

K 

a 3 

4154 

47 Ag 

L 

a 2 

4818 

44 Ru 

L 

a* 

3737 

19 K 

K 

«2 

4173 

44 Ru 

L 

7i 

4819 

42 Mo 

L 1 

ys 

3750 

49 In 

L 

a 3 

4188 

48 Cd 

L 

V 

4836 

44 Ru 

L 

a i 

3753 

90 Th 

M 

M x Pi 

4230 

79 Au 

M 

M h N & 

4842 

42 Mo 

L 

Pl2 

3764 

49 In 

L 


4230 

45 Rh 

L 

Pq 

4844 

44 Ru 

L 

a 2 

3772 

49 In | 

L 

a 2 

4241 

45 Rh 

L 

ft 

4860 

42 Mo 

L 

ft i 

3782 

50 Sn 

L 

V 

4259 

49 In 

L 

l 

4875 

83 Bi 

M 

ft' 

3789 

82 Pb 

M 

m 6 n 5 

4277 

44 Ru 

L 

75 

4894 

83 Bi 

M 

A/ 2 A 2 

3792 

90 Th 

M 

M 2 O a 

4278 

45 Rh 

L 

ft 

4909 

42 Mo 

L 

ft 

3799 

47 Ag 

L 

ft 

4326 

92 U 

M 

M 2 N 7 

4911 

45 Rh 

L 

V 

3812 

46 Pd 

L 

7s 

4344 

46 Pd 

L 

a 3 

4929 

92 TJ 

M 

M t N, 

3816 

83 Bi 

M 

M 4 N 4 

4359 

46 Pd 

L 


4940 

46 Pd 

L 

l 

3824 

47 Ag 

L 

ft 

4361 

42 Mo 

L 

72 

4941 

40 Zr 

L 

ya 

3857 

46 Pd 

L 

ft* 

4362 

44 Ru 

L 

P* 

4949 

76 Os 

M 

m 4 n 4 

3861 

47 Ag 

L 

ft 

4364 

45 Rh 

L 

Pi 

4994 

82 Pb 

M 

m 2 o 4 

3868 

46 Pd 

L 

fti 

4367 

46 Pd 

L 

a 2 

5000 

42 Mo 

L 

A 

3880 

51 Sb 

L 

l 

4391 

17 Cl 

K 

ft' 

5013 

16 S 

K 

A 

3884 

83 Bi 

M 

m 6 n 6 

4395 

17 Cl 

K 

ft 

5021 

16 S 

K 

Pi 

3885 

92 U 

M 

a" 

4406 

17 Cl 

K 

ft 

5024 

41 Nb 

L 

7i 

3888 

44 Ru 

L 

7* 

4407 

78 Pt 

M 


5036 

42 Mo 

L 
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A . 1U U . 
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A.10 M . 

Element. 

Series. 

Line. 

A.10 11 . 

Element. 
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Line. 

6042 

82 Pb 

M 

P” 

5672 

76 Os 

M 

m z n 3 

6593 

40 Zr 

L 

V 

5045 

16 S 

K 

P’ 

5687 

82 Pb 

M 

m 3 n, 

6609 

38 Sr 

L 

Pi 

5047 

16 S 

K 

A 

5689 

41 Nb 

L 

a 3 

6663 

77 Ir 

M 

m 3 n 7 

5065 

82 Pb 

M 

M 3 N 3 

5694 

40 Zr 

L 

A 

6726 

74 W 

M 

P" 

5078 

83 Bi 

M 

a' 

5711 

41 Nb 

L 

ai 

6727 

82 Pb 

M i 

M,N S 

5107 

83 Bi 

M 

M ,A r , 

5717 

41 Nb 

L 

a 2 

6733 

74 W 

M 


5117 

83 Bi 

M 

m x n 2 

5786 

15 P 

K 

A 

6739 

37 Rb 

L 

75 

5131 

79 Au 

M 

m 3 n 3 

5707 

78 Pt 

M 

P" 

6739 

14 Si 

K 

A 

615*7 

74 W 

M 

M h N ;> 

5802 

76 Os 

M 

m 4 n 7 

6744 

14 Si 

K 

P' 

5161 

41 Nb 

L 

Ai 

5812 

70 Au 

M 

a " 

6750 

74 W 

M 

m 3 o 3 

5166 

42 Mo 

L 

A 

5820 

78 Pt 

M 

m 9 n 2 

6770 

37 Rb 

L 

A 

5185 

81 T1 

M 

m 2 o 4 

5820 

15 P 

K 

A 

6780 

71 Lu 

M 

m 3 n 3 

6207 

45 Rh 

L 

l 

5823 

40 Zr 

L 

A 

6793 

14 Si 

K 

A 

5210 

81 T1 

M 

P" 

5831 

79 Au 

M 

^iA r i 

6803 

37 Rb 

L 

A 

5225 

41 Nb 

L 

A 

5835 

42 Mo 

L 

V 

6818 

38 Sr 

L 

a 3 

5233 

81 T1 

M 

m 9 n 9 

5879 

81 T1 

M 

m*n 7 

6848 

38 Sr 

L 

aj 

5242 

82 Pb 

M 

a' 

5968 

39 Y 

h 

A 

6882 

76 Os 

M 

3i 3 A’ 7 

5245 

90 Th 

M 


6002 

39 Y 

L 

A 

6898 

40 Zr 

L 

l 

5250 

82 Pb 

M 

a" 

6011 

77 Ir 

M 

P" 

6952 

74 W 

M 

a" 

5263 

16 S 

K 


6026 

78 Pt 

M 

a' 

6963 

74 W 

M 


5273 

82 Pb 

M 


6027 

40 Zr 

L 

a 3 

6968 

37 Rb 

L 

A 

5206 

41 Nb 

L 

A 

6028 

37 Rb 

L 

72 

7001 

73 Ta 

M 

AJ 2 A’ 2 

5303 

78 Pt 

M 

m 3 n 3 

6030 

77 Ir 

M 


7003 

14 Si 

K 

a« 

5323 

16 S 

K 

a 4 

6041 

78 Pt 

M 

M,N, 

7014 

14 Si 

K 

a 5 

5320 

16 S 

K 

a» 

6056 

40 Zr 

L 

a, 

7054 

14 Si 

K 

a 4 

5331 

41 Nb 

L 

ft 4 

6066 

74 W 

M 

y’ 

7060 

37 Rb 

L 

Pi 

5341 

16 S 

K 

a' 

6083 

74 W 

M 

m 3 n 3 

7064 

14 Si 

K 

a 3 

5346 

41 Nb 

L 

ft e 

6005 

15 P 

K 

«1 

7083 

14 Si 

K 

of 

5361 

16 S 

K 


6102 

15 P 

K 

a 3 

7109 

14 Si 

K 

ai 

5364 

16 S 

K 


6123 

74 W 

M 

ju 3 a\ 

7238 

73 Ta 

M 

M,A\ 

5365 

74 W 

M 

M 4 N a 

6142 

15 P 

K 

“1 

7273 

37 Rb 

L 

a 3 

5372 

42 Mo 

L 


6195 

41 Nb 

L 

V 

7303 

37 Rb 

L 

«i 

5373 

40 Zr 

L 

7i 

6108 

30 Y 

L 

A 

7349 

74 W 

M 

m 3 n 7 

5394 

42 Mo 

L 


6223 

77 Ir 

M 

a" 

7505 

38 Sr 

L 


5400 

42 Mo 

h 

a 2 

6233 

76 Os 

M 

P" 

7560 

71 Lu 

M 

ft" 

5427 

81 T1 

M 

a" 

6250 

77 Ir 

M 

M l N l 

7582 

71 Lu 

M 

aj 2 n 2 

5430 

80 Hg 

M 

M 2 N 2 

6256 

76 Os 

M 

M t N 3 

7787 

71 Lu 

M 

a' 

5443 

81 T1 

M 

M X N j 

6264 

79 Au 

M 

m 3 n 7 

7803 

71 Lu 

M 

a" 

5480 

41 Nb 

L 

A 

6271 

74 W 

M 

M t N, 

7820 

71 Lu 

M 

M x X x 

5481 

40 Zr 

L 

7s 

6279 

38 Sr 

L 

7s 

7821 

38 Sr 

L 

l 

5484 

77 Ir 

M 

M 3 N 3 

6301 

73 Ta 

M 

M 3 N 3 

7852 

70 Yb 

M 

ft' 

5525 

83 Bi 

M 


6350 

38 Sr 

L 

P s 

7870 

70 Yb 

M 

ft" 

5573 

40 Zr 

L 

ft 2 

6386 

38 Sr 

L 

A 

7891 

70 Yb 

\M 

m 2 x 2 

5607 

74 W 

M 

m 3 0 5 

6407 

39 Y 

L 

a 3 

7941 

13 Al 

K 

ft 1 

5618 

40 Zr 

L 

ft 3 

6435 

39 Y 

L 


8011 

70 Yb 

M 

a" 

5619 

79 Au 

M 

M 2 N 2 

6459 

76 Os 

M 

a" 

8012 

77 Ir 

M 

M,N S 

5629 

38 Sr 

L 

72 

6481 

76 Os 

M 


8025 

13 Al 

K 

ftz 

5649 

80 Hg 

M 

M X N X 

6408 

83 Bi 

M 

M l N l 

8029 

37 Rb 

L 

V 

5652 

76 Os 

M 

7' 

6503 

38 Sr 

L 

P 6 

8090 

70 Yb 

M 

a' 

5653 

40 Zr 

L 

A 

6509 

41 Nb 

L 

l 

8108 

35 Br 

L 

Pi 
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8125 

70 Yb 

M 

M 1 N 1 

9323 

66 Dy 

M 

AW 

11781 

11 Na 

K 

«4 

8189 

13 A1 

K 

do 

9394 

33 As 

L 


11802 

11 Na 

K 

Oz 

8200 

13 A1 

K 


9397 

90 Th 

N 

N 7 I\ 

11835 

11 Na 

K 

a' 

8253 

13 A1 

K 

a 4 

9509 

66 Dy 

M ! 

a 

11884 

11 Na 

K 

Ox 

8265 

13 A1 

K 

Oz 

9535 

12 Mg 

K 

fix 

11951 

30 Zn 

L 

fix 

8286 

13 A1 

K 

a' 

9617 

33 As 

L 

Oz 

11990 

30 Zn 

L 

fix 

8319 

13 A1 

K 

0.1 

9619 

92 U 

N 

iV 7 0 9 

12250 

30 Zn 

L 

Ox 

8326 
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